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Abstract 
 
  
 
 
This thesis describes a novel and efficient protocol for conversion of carbohydrates into 
carbocycles of different ring sizes. The methodology rely on three major parts: synthesis of 5-
iodopentofuranosides, conversion of these into 1,6- and 1,7-enynes, and their carbocyclization in 
ring-closing enyne metathesis giving cyclic 1,3-diene products. Some of these are further 
annulated in a Diels-Alder cycloaddition to give decalin systems. Survey of literature is given first 
for synthesis of enynes via ethynylation and propargylation protocols, and secondly, for ruthenium 
carbene mediated ring-closing enyne metathesis. 
 
Methyl pentofuranosides were used as starting materials. A novel one-pot sulfonylation protocol 
was employed for the conversion of the methyl glycosides into the desired triethylsilyl protected 5-
iodopentofuranosides. The ω-iodoglycosides were obtained in fairly good overall yields. 
 
Novel methodologies were developed for conversion of 5-iodopentofuranosides into 1,6- and 1,7-
enynes. Zinc-mediated tandem fragmentation-propargylation provided 1,7-enynes in an one-pot 
synthetic protocol. It was also possible to install a secondary amine with propargylation of an in situ 
formed imine. On the other hand, 1,6-enynes had to be obtained from a cerium-mediated 
ethynylation of the fragmentation generated unsaturated aldehyde. These carbohydrate based 
enynes were all obtained in good yields with modest to excellent diastereoselectivities. 
 
Ring-closing enyne metathesis was then employed as method for carbocyclization of the densely 
functionalized enynes into 1-vinyl cycloalkenes. Low transition metals were not sufficient for this 
purpose. Instead ruthenium carbenes were used with success to obtained the desired five- and six-
membered rings in good yields. It was found that the presence of ethylene atmosphere was 
essential for a successful transformation.  
 
Diels-Alder cycloaddition of cyclic 1,3-diene with the use of an unsymmetrical dienophile, acrolein 
proved very successful, and generated decalin systems with formation of one major product having 
an endo configuration in good yields. 
 
  iv 
Dansk Resumé 
 
  
 
 
Denne afhandling beskriver en ny og effektiv protokol for omdannelse af kulhydrater til carbocykler 
af forskellige ringstørrelser. Metoden bygger på tre hoveddele: syntese af 5-iodopentofuranosider, 
omdannelse af disse til 1,6- og 1,7-enyner, og deres carbocyklisering via ringluknings enyn 
metatese til cykliske 1,3-diener, som for nogle få eksempler var yderligere funktionaliseret ved 
hjælp af Diels-Alder cykloaddition, hvorved decalinsystemer blev dannet. Oversigtskapitler er givet 
først for syntese af enyner ud fra ethynylerings- og propargyleringsprotokoller, og dernæst for 
rutheniumcarben-medieret ringluknings enyn metatese. 
 
Methyl pentofuranosider blev benyttet som udgangsforbindelser. En ny one-pot syntese via en 
sulfonyleringsstrategi blev benyttet for transformering af methyl pentofuranosider til 
triethylsilylbeskyttede 5-iodopentofuranosider. Disse blev isoleret i forholdsvis gode udbytter. 
 
Nye metoder til omdannelse af 5-iodopentofuranosider til 1,6- og 1,7-enyner blev udviklet. De højt 
funktionaliserede 1,7-enyner kunne syntetiseres ved en zink-medieret tandem fragmentering-
propargyleringsreaktion i en one-pot procedure. Inkorporering af en sekundær aminogruppe ved 
propargylering af en in situ dannet imin var også mulig. På den anden side, kunne 1,6-enyner kun 
syntetiseres i højt udbytte ved brug af en cerium-medieret ethynylering af den dannet umættede 
aldehyd fra fragmenteringsreaktionen. Disse kulhydratbaserede enyner kunne alle isoleres i gode 
udbytter med moderate til udmærkede diastereoselektiviteter. 
 
Ringluknings enyn metatese blev dernæst benyttet for carbocyklisering af 1,6- og 1,7-enynerne. 
Lav-valens overgangsmetaller var ikke brugbare i dette øjemed. I stedet blev rutheniumcarbener 
benyttet, hvorved de ønskede fem- og seksleddede ringsystemer kunne opnås i gode udbytter. Det 
blev observeret, at tilstedeværelse af ethylengas var essentiel for en succesfuld cyklisering. 
  
Diels-Alder cykloaddition af de cykliske 1,3-diener, med en usymmetrisk dienophil acrolein, var 
succesfulde og gav decalinsystemer ved dannelse af ét hovedprodukt med endo konfiguration i 
gode udbytter.  
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  1 
Chapter 1 
 
  
Introduction - Conversion of        
Carbohydrates into Carbocycles  
 
1.1 Introduction 
Carbohydrates represent a unique family of chiral compounds originating from nature itself. 
Biosynthesis of essential biological compounds such as e.g. vitamins, DNA-building blocks, cell-
cell messengers etc. emerge from the template of the very abundant pool of carbohydrates. Nature 
utilizes chemoenzymatic reactions often with unambiguous substrate specificity to convert the 
carbohydrates into the often-occurring polyhydroxylated carbocyclic ring systems in natural 
products. These enzymes and cofactors are in almost all cases not available in a modern chemical 
laboratory.  
 
Chemists have for decades been interested in total synthesis of natural products from 
carbohydrates.1 Existing chemical methods for transformation of monosaccharides into 
carbocycles rely on Ferrier rearrangements,2 radical cyclizations,3 ring-contractions with 
organometallic reagents,4 and carbanion cyclizations. However, these methods are often 
hampered by long synthetic sequences or employ toxic metal reagents for the cyclization event. In 
light of this, there is indeed a need for focus on novel short transformations of carbohydrates into 
polyhydroxylated five- and six-membered carbocycles and even larger ring systems. 
 
1.2 The Objective of the Ph.D.-Work  
The objective of this Ph.D.-project was to first of all develop short and efficient synthetic methods 
of 1,6- and 1,7-enynes from easy available methyl 5-deoxy-5-iodo-D-pentofuranosides (see 
scheme 1.1). Carbohydrate derived enynes are not a well-known class of compounds compared to 
                                            
1  See Part B: Natural Product Synthesis From Monosaccharides in Boons, G.-J.; Hale, K. J. Organic    
   Synthesis with Carbohydrates 2000, Sheffield Academic Press  Blackwell Science, England. 
2  For review of Ferrier rearrangement of carbohydrate derivatives into cyclohexanes and pentanes see:  
   Ferrier, R. J.; Middleton, S. Chem. Rev. 1993, 93, 2779-2831. 
3  For review of radical carbocyclization of carbohydrates see: Martínez-Grau, A.; Marco-Contelles, J. Chem.  
   Soc. Rev. 1998, 27, 155-162. 
4  For recent highlight see: Dalko, P. I.; Sinaÿ, P. Angew. Chem. Int. Ed. 1999, 38, 773-777. 
  2 
more simple and stable enynes, and most importantly there has been none reports of one-pot 
synthesis of enynes until this point. It was envisioned that a zinc-mediated tandem reaction could 
be employed for the formation of enynes. It has been demonstrated to work for synthesis of the 
corresponding dienes.5 The zinc-mediated transformations include a Bernet-Vasella fragmentation6 
of the glycoside leading to an unsaturated aldehyde followed by either propargylation- or 
ethynylation protocols from which the enynes emerge.  
 
 
 
 
 
 
 
 
Scheme 1.1 Illustration of the synthetic strategy for synthesis of carbohydrate-derived enynes and their use 
in carbocyclizations. (PG= protection group). 
 
 
The enynes thus formed should then be studied in metal-mediated carbocyclizations. Enynes are 
capable of several different ring-organizations eg. cyclopentenones via the Pauson-Khand 
reaction,7,8 cyclohexenes via radical cyclization,9 or ring-closing enyne metathesis (RCM).10 The 
aim of the project was to focus on the RCM, which would form 1-vinyl cyclopentenes or 
cyclohexenes. Further annulation of cyclic 1,3-dienes can be achieved through Diels-Alder 
cycloadditions to provide even more complex ringsystems.  
 
The strength in our methodology is a short and efficient synthesis of a variety of carbocycles from 
carbohydrates with the use of organometallic chemistry. We were the first (and until now the only) 
                                            
 5  a) Hyldtoft, L.; Poulsen, C. S.; Madsen, R. Chem. Commun. 1999, 2101-2102, b) Hyldtoft, L; Madsen, R.  
    J. Am. Chem. Soc. 2000, 122, 8444-8452.  
 6  a) Bernet, B.; Vasella, A. Helv. Chim. Acta 1979, 62, 1990-2016, b) Bernet, B.; Vasella, A. Helv. Chim.  
    Acta 1979, 62, 2400-2410, c) Bernet, B.; Vasella, A. Helv. Chim. Acta 1979, 62, 2411-2431, d) Bernet, B.;  
    Vasella, A. Helv. Chim. Acta 1984, 67, 1328-1347. 
 7  For a recent review see: Brummond, K. M.; Kent, J. L. Tetrahedron 2000, 56, 3263-3283. 
 8  Examples of applied Pauson-Khand reaction of carbohydrate based enynes see: a) Isobe, M.; Takai, S.  
    J. Organom. Chem. 1999, 589, 122-125, b) Leeuwenburgh, M. A.; Appeldoorn, C. C. M.; van Hooft, P. A.  
    V.; Overkleeft, H. S.; van der Marel, G. A.; van Boom, J. H. Eur. J. Org. Chem. 2000, 873-877.   
 9  Examples of radical cyclization of carbohydrate based enynes see: a) Gómez, A. M.; Danelón, G. O.;  
     Valverde, S.; López, J. C. J. Org. Chem. 1998, 63, 9626-9627, b) Belval, F.; Fruchier, A.; Chavis, C.;  
     Montero, J.-L.; Lucas, M. J. Chem. Soc., Perkin Trans 1 1999, 697-703. 
10  Chapter 3 survey the literature of enyne metathesis. 
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to publish one-pot synthesis of carbohydrate based enynes,3a,11 and only few others have reported 
on  ring-closing enyne metathesis of these synthons.12 
 
1.3 Natural Products and Biologically Interesting Molecules 
The generated enynes and carbocycles in this Ph.D.-work constitute interesting synthons for 
further natural product synthesis. The enynes are thus key substrates for total synthesis of Vitamin 
D313 and Vitamin D3 analogues14 via the Trost-Dumas carbopalladation route15 (see scheme 1.2).  
 
 
 
 
 
 
 
 
 
 
Scheme 1.2 Synthesis of Vitamin D3 via the Trost-Dumas carbopalladation of enyne and vinyl bromide. 
 
Polyhydroxylated carbocyclic ring systems are found in a broad range of biologically important 
molecules and natural products,1,16 such as glycosidase inhibitors,17 aminoglycoside antibiotics,18 
inositol phosphates,19 and carbanucleosides.20 Our methodology provides an easy access to 
densely functionalized 1-vinyl cyclopentenes, 1-vinyl cyclohexenes, and decalin systems. Decalins 
                                            
 11  Poulsen, C. S.; Madsen, R. Carbohydrate Carbocyclization by a Zinc-Mediated Tandem Reaction and  
     Ring-Closing Enyne Metathesis, submitted. 
12  a) Clark, J. S.; Hamelin, O. Angew. Chem. Int. Ed. 2000, 39, 372-374, b) Boyer, F.-D.; Hanna, I.; Ricard,  
     L. Organic Lett. 2001, 3, 3095-3098, c) Marco-Contelles, J.; Arroyo, Nieves, Ruiz-Caro, J. Synlett 2001,  
     652-654, d) Leeuwenburgh, M. A.; Kulker, C.; Duynstee, H. I.; Overkleeft, H. S.; van der Marel, G. A.; van  
     Boom, J. H. Tetrahedron 1999, 55, 8253-8262, e) Leeuwenburgh, M. A.; Appeldoorn, C. C. M.; van Hooft,  
     P. A. V.; Overkleeft, H. S.; van der Marel, G. A.; van Boom, J. H. Eur. J. Org. Chem. 2000, 873-877. 
13  Zhu, G.-D.; Okamura, W. H. Chem. Rev. 1995, 95, 1877-1952. 
14  a) Moriarty, R. M.; Brumer III, H. Tetrahedron Lett. 1995, 36, 9265-9268, b) Fujishima, T.; Konno, K.;  
     Nakagawa, K.; Kurobe, M.; Okano, T.; Takayama, H. Bioorg. Med. Chem. 2000, 8, 123-124. 
15  a) Trost, B. M.; Dumas, J. J. Am. Chem. Soc. 1992, 114, 1924-1925; b) Trost, B. M.; Dumas, J.; Villa, M.        
     J. Am. Chem. Soc. 1992, 114, 9836-9845. 
16  Carbohydrates in Drug Design edited by Witczak, Z. J.; Nieforth, K. A., Marcel Dekker, 1997, New York.  
17  For a general review see: Berecibar, A.; Grandjean, C.; Siriwardena, A. Chem. Rev. 1999, 99, 779-844. 
18  Mingeot-Leclercq, M.-P.; Glupczynski, Y.; Tulkens, P. M. Antimicrob. Agents Chemother. 1999, 43, 727- 
     737. 
19  Jenkins, D. J.; Riley, A. M.; Potter, B. V. L. Carbohydrate Mimics – Concepts and Methods, edited by  
     Chapleur, Y. Wiley-VCH, 1998, 171-208.  
20  Crimmins, M. T. Tetrahedron 1998, 54, 9229-9272. 
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are the framework of a number of biologically active compounds such as the antibiotics 
Nodusmicin21 and Nargenicin A122 (see figure 1.1). 
 
 
 
 
 
 
 
 
Figure 1.1 Decalin system is the framework of the antibiotics Nodusmicin and Nargenicin A1. 
 
On the other hand, vinyl cycloalkenes are suitable intermediates for total synthesis of interesting 
targets with five- and six-membered rings. In this regard, it may be possible to manipulate the vinyl 
group selectively giving a handle for further transformations. Herein, some biologically active 
compounds are depicted, which could be targeted via our synthetic strategy (see figure 1.2).  This 
includes α-glucosidase inhibitors Validamine23 and Valiolamine and the neuramidase inhibitor 
Shikimic acid.24 Trehazolamine is the aglycon of the trehalase inhibitor trehazolin.15 
 
 
  
  
 
 
 
 
 
 
Figure 1.2 Five- and sex-membered carbocycles in biologically active compounds, which could be targeted 
from vinyl cycloalkenes. 
 
                                            
21  a) Whalley, H. A.; Chidester, C. G.; Miszak, S. A., Wnuk, R. J. Tetrahedron Lett. 1980, 21, 3659-3662, b) f 
    for a recent approach towards nodusmicin see: Gössinger, E.; Schwartz, A.; Sereinig, N. Tetrahedron  
    2001, 57, 3045-3061. 
22  Celmer, W. D.; Chmurny, G. N.; Moppett, C. E.; Ware, R. S.; Watts, P. C.; Whipple, E. B. J. Am. Chem.  
    Soc. 1980, 102, 4203-4209. 
23  First total synthesis of Validamine see: Ogawa, S.; Toyokuni, T.; Omata, M.; Chida, N.; Suami, T. Bull.  
    Chem. Soc. Jpn. 1980, 53, 1121-1126.  
24  Recent syntheses of shikimic acid and analogues see: Jiang, S.; Singh, G. Tetrahedron 1998, 54,  
     4697-4753. 
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Chapter 2 
 
  
Propargylation and Ethynylation        
Reactions: Synthesis of Enynes  
 
2.1 Introduction 
Propargylation- and ethynylation reactions are not as well established as the analogous allylation 
and vinylation reactions. The purpose of this chapter is to introduce the reader into the field of 
metal-mediated alkynylations of aldehydes. Relevant examples from carbohydrate chemistry are 
presented including enyne synthesis.  
 
2.2 Metal-Mediated Barbier Propargylation Reactions  
The reaction of organic halides with zinc dates back to the work of Frankland in 1849,25 who 
published the first synthesis of dimethyl- and diethylzinc. Today, organozinc compounds are one of 
the most useful classes of organometallic reagents for organic synthesis.26 This is mainly due to 
combination of being easy to prepare, excellent reactivity and high functional group compatibility. 
 
The organozinc reagents serve in their most general form as nucleophiles and lead to the 
formation of carbon-carbon bonds. When formed in situ and reacted with a carbonyl compound, 
the transformation is referred to as the Barbier reaction.27 This one-step method circumvents 
difficult handling and storing of very reactive organometallic reagents. 
 
Propargylic bromides are readily converted to the corresponding zinc derivatives, which exists as a 
mixture of propargylic and allenic zinc bromides (see scheme 2.1). The equilibrium is mainly 
dependent on the substitution pattern of the parent propargylic halide: R1 = alkyl, and R2, R3 = H, H 
give rise to mixtures, whereas R1 = H, Ph, and R2, R3 = H, alkyl, or alkyl, alkyl give allenic zinc 
bromides. The product can then be expected to be a mixture of propargylic and allenic adducts in 
the first case, and propargylic alcohols in the latter case. The equililbrium constants of the 
                                            
25  a) Frankland, E. Liebigs Ann. Chem. 1849, 71, 171-213, b) Frankland, E. Liebigs Ann. Chem. 1849, 71,  
     213-216. 
26  a) Erdik, E. Organozinc Reagents in Organic Synthesis, CRC Press, New York, 1996, b) Knochel, P.;   
    Jones, P. Organozinc Reagents – A Practical Approach, Oxford University Press, New York, 1999. 
27  Barbier, P. Compt. Rend. 1899, 128, 110-111. 
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propargylic-allenic equilibrium, relative reactivity, and regioselectivity of these two isomeric species 
(propargylic and allenic zinc halides) determine the overall selectivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.1 Propargylic and allenic zinc bromides. 
 
Traditionally, Barbier type reactions have been performed under anhydrous conditions in solvents 
such as THF, diethyl ether or DMF, but lately the use of aqueous media has attracted great interest 
and acceptance.28 Besides zinc, several other metals (Sn, Bi, Pb, Cd, In, etc.) have been shown to 
mediate alkynylations.29 These different reaction conditions give access to different proportions of 
acetylenic and allenic adducts. It is generally accepted that solvent polarity and nature of metal as 
well as the steric and electronic factors of the electrophile (aldehyde) have impact on the outcome 
of propargylation reactions.26 
 
 
 
 
 
                                            
28  See review: Li, C.-J. Tetrahedron 1996, 52, 5643-5668. 
29  See review: Alonso, F.; Yus, M. Recent Res. Devel. in Organic Chem. 1997, 1, 397-436. 
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Entry R Solvent +Additives M Acetylene : Allene Yield
1 SnTHF : H2O (7.5 : 1)
         + HBr
Ph
n-hexyl
57%
49%
55 : 30 ( : 15) a
57 : 43
2 SnMeOH : H2O
      (1 : 2)
60%
60%
5 : 1
6 : 1
Ph
n-hexyl
3 BiMeOH : H2O
      (1 : 2)
83%
60%
5 : 1
1 : 1
Ph
n-hexyl
4 CdMeOH : H2O
      (1 : 2)
83%
60%
1 : 1
1 : 1
Ph
n-hexyl
 THF +
Bu4NBr
5 n-heptyl Cd 64 : 36 75%
6 PbDMF + TMSCl   + Bu4NBr
4 : 1
7 : 3
95%
90%
Ph
n-hexyl
7 InMeOH : H2O
      (1 : 2)
72%
78%
6 : 1
2 : 1
Ph
n-hexyl
8 n-heptyl InDMF 62 : 38 72%
10 ZnMeOH : H2O
      (1 : 2)
64%
65%
3 : 1
4 : 1
Ph
n-hexyl
11 Ph ZnH2O + CaCl2
   + NH4Cl
86%
12
Ph
n-hexyl
THF Zn
1 : 0
1 : 0
81%
88%
13 Ph THF + NH4Cl Zn 89 :1 1 68%
9 Ph InTHF : H2O
    (1 : 3)
2 : 1 78%
91 : 9
MR H
O
+
R
OH
+ R
OH
.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.1 Metal-mediated propargylation reactions; a) minor amount of rearranged products (α-keto 
alkene). References as follows: Sn,30 Bi,30b  Cd,30b, 31 Pb,32 In,30b, 33 and Zn.30b,34 
                                            
30  a) Wu, S.; Huang, B.; Gao, X. Synth. Commun. 1990, 20, 1279-1286, b) Yi, X.-H.; Meng, Y.; Hua, X.-G.;  
     Li, C.-J. J. Org. Chem. 1998, 63, 7472-7480.  
31  Sain, B.; Prajapati, D.; Sandhu, J. S. Tetrahedron Lett. 1992, 33, 4795-4797. 
32  Tanaka, H.; Hamtani, T.; Yamashita, S.; Torii, S.; Chem. Lett. 1986, 1461-1462. 
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Table 2.1 illustrates some selected examples of propargylations of benzaldehyde and n-hexyl/n-
heptyl aldehyde.  As seen, different metal-mediators exhibit different selectivities of the product 
formed (acetylene versus allene) with zinc giving the highest degree of acetylenic adducts. Higher 
polarity of solvent also favours formation of the propargylic alcohols. The outcome is though not 
easy predictable. For instance, methanol/water solutions which improve proportion of acetylene for 
the Sn-mediated reaction (entry 2 vs.1) are responsible for decrease of regioselectivity for the Zn-
mediated reaction (entry 10 compared to entry 12 and 13). 
 
2.3 Metal-Meditated Propargylations of Carbohydrates 
Propargylations have previously been accomplished on carbohydrates and some examples are 
depicted in table 2.2. Zinc has in all cases been the metal of choice. Most interestingly, none or 
only traces of allenes have been observed in these reactions (e.g. less than 5% allenes in entry 1 
and 1.5% in entry 3). This phenomenon is supposedly due to the relatively high electrophilic 
character of the carbonyl substrate, which is known to depress the amounts of allenic adducts.26a  
 
The propargylations generally proceed with good diastereoselectivities (except entry 4), and the 
major product can be explained from the Felkin-Anh model.35 Utilizing the 2,3-cyclohexylidene 
aldehyde (entry 3) in a standard Grignard reaction with propargylmagnesium bromide in diethyl 
ether resulted in a lowered 4:1 diastereoselectivity compared to the observed 100% 
diastereoselectivity in the zinc-mediated reaction.36  
 
 
                                                                                                                                                 
33  a) Kornblum, N.; Chen, S. I.; Kelly, W. J. J. Org. Chem. 1988, 53, 1831-1833, b) Kwon, J. S.; Pae, A. N.;  
    Choi, K. I.; Koh, H. Y.; Kim, Y.; Cho, Y. S. Tetrahedron Lett. 2001, 42, 1957-1959. 
34  a) Bieber, L. W.; da Silva, M. F.; da Costa, R. C.; Silva, L. O. S. Tetrahedron Lett. 1998, 39, 3655-3658, b)  
    Chen, C.; Crich, D. J. Chem. Soc., Chem. Commun. 1991, 1289-1290, c) Yavari, I.; Riazi-Kermani, F.  
    Synth. Commun. 1995, 25, 2923-2928.  
35  a) Chérest, M.; Felkin, H.; Prudent, N. Tetrahedron Lett. 1968, 2199-2204, b) Anh, N. T. Top. Cur. Chem.  
     1980, 88, 145-162 
36  Chattopadhyay, A.; Dhotare, B. Tetrahedron: Asymm. 1998, 9, 2715-2723. 
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Table 2.2 Propargylations of carbohydrates under Barbier conditions with propargyl bromide. References 
are as follows: entry 1,37 entry 2,38 entry 3,36 entry 4 and entry 5,39 a) only the given isomer was isolated from 
the reaction mixture. 
 
  
 
                                            
37  a) Wu, W.-L.; Wu, Y.-L. J. Chem. Soc. Perkin Trans 1, 1993, 3081-3086, b) Wu, W.-L.; Wu, Y.-L.  
    Tetrahedron Lett. 1992, 33, 3887-3890. 
38  Li, Y.-L.; Mao, X.-H.; Wu, Y.-L. J. Chem. Soc. Perkin Trans. 1 1995, 1559-1563. 
39  Pakulski, Z.; Zamojski, A. Tetrahedron 1997, 53, 2653-2666. 
Entry Aldehyde M Solvent Major Product
O O
O
O CHO
O O
O
O
OH
Yield
O
O
OH
CHO
O
O
OH
H
OH
DMF : Et2O
   (1 : 1)
d.r.
OO
TBSO
CHO
OO
TBSO
OH
THF : H2O
  (50 : 1)
CHO
O
O
O
O
O
O
O
O
OH
81%THF 3 : 2
O
CHO
O
O
OBn
O
O
OOH
OBn
4 Zn
2 Zn
89% 12 : 1
1 91%  1 : 0Zn
3 Zn 72% 1 : 0
5 THFZn 84% > 20 : 1
DMF : Et2O
   (1 : 1)
a
a
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2.4 Ethynylation of Carbohydrates 
Two-carbon elongation with an ethynylation reagent has been applied for a range of different 
carbohydrate derived aldehydes.45-50 Table 2.3 (vide infra) shows a variety of ethynylations of 
carbohydrates. In all cases, the reactions afforded propargylic alcohols in good yields and high 
diastereoselectivities. The stereochemical outcome relies on attack of the incoming nucleophile on 
the carbonyl from the less hindered side. Chelation controlled addition is observed with 
employment of ethynylmagnesium bromide.  
 
Traditionally, ethynylmagnesium bromide has been employed as alkynylating reagent and can be 
formed from ethylmagnesium bromide and cheap acetylene gas.40 Alternatively, trimethylsilyl 
acetylene41 can be employed instead which is much more practical. Lithium acetylide42 has not 
found extensive use in carbohydrate chemistry.  
 
It is well-known that organozinc reagents can be formed by transmetallation between zinc halides 
and organo magnesium or organo lithium compounds.26 Entry 4 (table 2.3) depicts the use of ZnCl2 
in ethynylation strategies.  
 
2.5 Propargylation or Ethynylation Protocols Leading to 1,7-Enynes 
Hydroxy-functionalized 1,7-enynes have attracted great interest due to their use as templates for 
total synthesis of Vitamin D3 and Vitamin D3 analogues.43 The synthesis protocols for installation of 
the alkyne moiety can be divided into three different categories: addition to carbonyl, SN2-
displacement or epoxide ring-opening reactions. This section will focus on the addition of an 
alkynylating reagent to an enal. This is a direct parallel to our synthesis of 1,7-enynes via a novel 
zinc-mediated tandem reaction, discussed in chapter 5.  
 
Vandewalle and coworkers44 have contributed with two synthetic protocols for the key A-ring 
precursor of 1α-25-hydroxyvitamin D3 starting from non-carbohydrate sources (illustrated in 
scheme 2.2 and scheme 2.3 vide infra).  In the 1995 article,44a they installed the right spatial 
                                            
40  Brandsma, L.; Verkruijsse, H. D. Synthesis 1999, 10, 1727-1728. 
41  Suzuki, M.; Kimura, Y.; Terashima, S. Chem. Pharm. Bull. 1986, 34, 1531-1539. 
42  a) Midland, M. M. J. Org. Chem. 1975, 40, 2250-2252, b) Midland, M. M.; McLoughlin, J. I.; Werley, R. T.  
    Org. Synth. 1989, 68, 14-21. 
43  Zhu, G.-D.; Okamura, W. H. Chem. Rev. 1995, 95, 1877-1952. See also chapter 1. 
44  a) Vrielynck, S.; Vandewalle, M.; García, A. M.; Mascareñas, Mouriño, A. Tetrahedron Lett. 1995, 36,  
     9023-9026, b) Anné, S.; Yong, W.; Vandewalle, M. Synlett 1999, 9, 1435-1437. 
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Table 2.3 Ethynylation of carbohydrates. References are as follows: entry 1,45 entry 2,46 entry 3,47 entry 4,48 
entry 5,49 and entry 6.50 
                                            
45  a) Buchanan, J. G.; Dunn, A. D.; Edgar, A. R. J. Chem. Soc. Perkin Trans. 1 1975, 1191-1200, b) Aslani- 
    Shotorbani, G.; Buchanan, J. G.; Edgar, A. R.; Shahidi, P. K. Carbohydr. Res. 1985, 136, 37-52, c) Marco- 
    Contelles, J.; Destabel, C.; Chiara, J. L.; Bernabé, M. Tetrahedron: Asymm. 1995, 6, 1547-1550. 
46  Gaudino, J. J.; Wilcox, C. S. J. Am. Chem. Soc. 1990, 112, 4374-4380 
47  Dolle, R. E.; Nicolaou, K. C. J. Chem. Soc., Chem. Commun. 1985, 1016-1018. 
Entry Aldehyde Reagent Product Yield d.r.
1
O O
O
OH
OH
MgBr 70%
2
O O
O
MOMO
OH
Li 72% 20 : 1
3
O O
O
O
OH
O
MgBr O
OH
O
O
OH
O
OH
OH
O
O
OH
MOMO
OH
O
O
OH
85% 15 : 1
TrO
TBSO OTBS
CHOO
4
MgBr
+ ZnCl2
O
TrO
TBSO OTBS
OH
70% 93 : 7
5
97% 68 : 32
6
O
CHO
OMe
OBn
OBn
OBn
O
OMe
OBn
OBn
OH
OBn
82%
1) MgBrTMS
2) TBAF, THF
94 : 6
traces of
 epimer
TMS Li
BnO CHO
O
O
BnO
O
O TMS
OH
  12 
arrangement of the 6-hydroxyl group by enzymatic kinetic resolution with >99% ee in 45% yield. 
Introduction of the alkyne moiety was provided by zinc-mediated propargylation of the 
propenylaldehyde 6. The reaction gave a mixture (syn/anti = 4:7) of the acetylenic alcohols. The 
major isomer could be isolated only by preparative HPLC separation, however in a good yield of 
61%.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.2 Zinc-mediated propargylation of an unsaturated aldehyde giving the 1,7-enyne 7, a) THF, -
78°C, 5 min; b) lipase PS Amano, vinyl acetate, pentane, 30 °C, 45h; c) (1) K2CO3, MeOH, rt, 1.5h, (2) 
TBDPSCl, DMF, imidazole, 55 °C, 5h; d) DIBAL-H, toluene, -78 °C, 15 min.; e) propargyl bromide, Zn, THF, -
15 °C, 1h, then 6, THF, -30 °C, 45 min. 
 
 
Four years later, Vandewalle44b presented another synthetic protocol for the key 1,7-enyne 
synthon. In this paper, the synthetic sequence is even longer (now 7 steps, see scheme 2.3), 
though with an improved diastereoselectivity favoring the target molecule. The 4-hydroxyl group 
was installed by a catalytic enantioselective aldol reaction of O-TMS dienolate 9 with acrolein using 
Ti(IV) catalyst 10 to give the adduct 11 with 97.5% ee.  Formation of the ester 12 was followed by 
reduction using Evans conditions, which provided the two diastereomers (syn/anti = 1:8) of 13 in 
an excellent 93% yield. Notably, the two diastereomers could only be isolated by preparative 
HPLC. Seyferth´s method using dimethyl diazomethylphosphonate converted the unsaturated 
aldehyde 15 into the 1,7-enyne 16 in an excellent 95% yield. 
 
                                                                                                                                                 
48  Takahashi, S.; Nakata, T. Tetrahedron Lett. 1999, 40, 723-726. 
49  Mukaiyama, T.; Suzuki, K.; Yamada, T.; Tabusa, F.Tetrahedron 1990, 46, 265-276.. 
50  Czernecki, S.; Horns, S.; Valéry, J.-M. J. Org. Chem. 1995, 60, 650-655. 
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Scheme 2.3 The second contribution from Vandewalle and coworkers, a) LDA, THF, TMSCl, -78 °C, 4h;   
b) (1) 10 (2 mol%), acrylate. Et2O, 0 °C, 5.5h, (2) 10% TFA in THF, 24h: c) n-BuOH, 96 °C, 7h;                
d) Me4NHB(OAc)3, AcOH-MeCN (1:1), 0 °C, 2h; e) MEMCl, DIPEA, 24h; f) DIBAL-H, CH2Cl2. 78 °C. 1.5h; 
g) (MeO)2P(O)CHN2, t-BuOK, THF, -78 °C to 30 °C, 3h.  
 
 
Contrary to Vandewalle, Moriarty and Brumer III14a have employed a carbohydrate 17 as starting 
material for the synthesis of a trihydroxylated A-ring precursor 23 (for synthesis of Vitamin D3 
analogues) (see scheme 2.4). It is a high yielding protocol, but impractically due to the use of 
cadmium and mercury reagents in unmasking the anomeric aldehyde. Zinc-based methylenation 
introduced the alkene moiety, whereas the alkyne was installed by a SN2 substitution of a 
sulphonylated alcohol with an excess of lithium acetylide ethylene diamine complex in DMSO.  
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Scheme 2.4 Ethynyl substitution of sulfonylated alcohol. a) EtSH, conc. HCl, 0 °C; b) Ac2O, pyridine, rt;     
c) HgCl2, CdCO3, H2O, acetone, rt; d) Zn, CH2I2, AlMe3, THF, 0 °C; e) anh. HCl, anh. MeOH, 0 °C;                     
f) (Me)3C6H2SO2Cl, pyridine, 0 °C; g) anh. CuSO4, TsOH, acetone, rt; h) HC≡CLi-en, DMSO, rt. 
 
 
Same year, Moriarty and coworkers51 reported an alternative approach to a ring-A synthon from D-
xylose 24 (see scheme 2.5). The protocol is a very long reaction sequence involving 12 steps. The 
carbohydrate was transformed into the corresponding D-pentono-γ-lactone 25. Catalytic reduction 
of 25 in the presence of triethylamine yielded 3-deoxy derivative 27 in a process which first served 
to invert configuration at C-2 to yield the desired epimer, and secondly eliminate the undesired 
hydroxyl group (in the case of the synthesis of 1α-25-hydroxyvitamin D3).52 The role of 
triethylamine is to affect a β-elimination to yield the enol acetate 26, which then undergoes catalytic 
hydrogenation from the less hindered face of the five-membered ring, thus establishing the β-
configuration of the acetoxy group. After protection group manipulation Wittig annulation provided 
the alkene 29. Epoxide formation by mesityl displacement and ring-opening by lithium acetylide 
ethylene diamine complex in DMSO yielded the desired 1,7-enyne 31.  
      
 
                                            
51  Moriarty, R. M.; Kim, J.; Brumer III, H. Tetrahedron Lett. 1995, 36, 51-54. 
52  Bock, K.; Lundt, I.; Pedersen, C. Acta Chem. Scand. 1981, B35, 155-162. 
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Scheme 2.5 D-Xylose as a template for synthesis of 1,7-enyne. a) Br2, K2CO3, H2O, rt; b) Ac2O, AcOH,    
50 °C (a+b, 66%); c) Pd/C, H2, Et3N, EtOAc, rt (97%); d) KOH, EtOH, H2O, rt (90%); e) t-Bu(Ph)2SiCl, 
imidazole, DMF, rt (95%); f) MEMCl, DIPEA, CH2Cl2, rt (97%); g) DIBAL-H, CH2Cl2, -65 °C (97%);                
h) (Ph)3P+CH3Br-, t-BuOK, THF, 0 °C (65%); i) TBAF, THF, rt (97%); j) (Me)3C6H2SO2Cl, pyridine, -5 °C 
(74%); k) K2CO3, EtOH, rt (95%); l) HC≡CLi-en, DMSO, rt (95%), m) MEMCl, DIPEA, CH2Cl2, rt (97%).  
 
 
In 1994, Trost and Hanson53 reported an asymmetric synthesis of the important key enyne synthon 
39 (see scheme 2.6). Their previously synthesis15 was hampered by a nonselective vinyl-Grignard 
addition (anti/syn ~1:1.5) favoring the undesired isomer. In the latter paper, the stereochemistry 
was set by consecutive stereocontrolled transformations. Noyoris asymmetric hydrogenation of 
ethyl 4-chloroacetoacetate 32 afforded the β-hydroxy ester 33 in 96% yield and 96% ee.  
Subsequent amidation followed by vinyl Grignard addition to the Weinreb amide 34 gave the β-
hydroxy enone 35 in a modest 54% yield due to instability of 35. The β-hydroxy ketone 35 was 
subjected to assisted reduction under acidic conditions to give the anti-diol 36 in excellent 89% 
yield and 8:1 diastereoselectivity. The major isomer could be separated from the syn-diol by 
MPLC. Epoxide formation followed by ring-opening with lithium TMS-acetylide provided the 1,7-
enyne 39 in 73% yield. 
 
The contribution from Trost and Hanson is notable for starting from readily available and 
inexpensive ethyl 4-chloroacetoacetate 32 as a template for asymmetric synthesis. 
                                            
53  Trost, B. M.; Hanson, P. R. Tetrahedron Lett. 1994, 35, 8119-8122. 
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Scheme 2.6 Asymmetric synthesis of 1,7-enyne. A) H2 (1500 psi), EtOH, [RuCl2((R)-BINAP)]2·Et3N; b) 
AlMe3, THF, 0 °C, (MeO)MeNH·HCl; c) vinylmagnesium bromide, BF3·OEt2, -78 °C to 5 °C; d) 
Me4NHB(OAc)3, CH3CN, AcOH, -40 °C; e) NaOH, Et2O, rt; f) Li-C≡C-TMS, BF3·OEt2, THF, -78 °C; g) 
TBSOTf, 2,6-lutidine, CH2Cl2, 0 °C; h) K2CO3, MeOH, rt. 
 
 
Starting from the chiral pool, Takayama and coworkers54 have synthesized novel C2α-modified 
ring A precursors (1,7-enynes). One example is shown in scheme 2.7. The crystalline epoxide 40 
is available from methyl α-D-glucoside,54 and this substrate is furnished with the desired spacer by 
epoxide ring-opening, and transformed into the ω-bromoglycoside 43 by standard methods using 
N-bromosuccinimide. Protection group manipulation followed by Bernet-Vasella fragmentation6,55 
generated an aldehyde, which was directly reduced to the alcohol 47. Sulfonylation of the primary 
alcohol and treatment with LiHMDS afforded the epoxide 49, into which the acetylene unit was 
subsequently introduced. It is a long synthetic sequence with a lot of protection group 
manipulations. However, the protocol presents an asymmetric synthesis of 1,7-enynes, where the 
individual steps have excellent yields. Recently, Takayama and coworkers56 have complemented 
                                            
54  Kittaka, A.; Suhara, Y.; Takayanagi, H.; Fujishima, T.; Kurihara, M.; Takayama, H. Org. Lett. 2000, 2,  
     2619-2622 and cited references herein. 
55  a) For recent litterature see: Skaanderup, P. R.; Hyldtoft, L.; Madsen, R. Monatshefte, 2001, accepted,      
     b) For recent review see: Hyldtoft, L. Zinc-Mediated Fragmentation of ω-Iodoglycosides: A New Route to   
     Functionalized Carbocycles, chapter 3, Ph.d thesis, Technical University of Denmark, 2000.  
56  Suhara, Y.; Nihei, K.-I.; Kurihara, M.; Kittaka, A.; Yamaguchi, K.; Fujishima, T.; Konno, K.; Miyata, N.;  
    Takayama, H. J. Org. Chem. 2001, 66, 8760-8771. 
Cl
O
CO2Et
a
96%, 96% ee
Cl CO2Et
OH b
94%
Cl
OH
N
Me
OMe
O
c
54% Cl
OH O d
89%
8:1, anti/syn
Cl
OH OH e
85%
OH
O
f
73%
OH
OH
TMS
g, h
76%
TBSO
OTBS
32 33 34
35 36
37 38 39
  17
this above described research with syntheses of 2-α-alkyl ring A precursors (1,7-enynes) again 
starting from the chiral pool.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.7 Assymetric synthesis of enyne synthon starting from the chiral pool, a) 1,3-propanediol, 
KOtBu, 110 °C, 14h, b) TBSCl, imidazole, DMF, c) NBS, BaCO3, CCl4, reflux, 35 min, d) catalytic NaOMe, 
MeOH, e) TBSCl, imidazole, DMF, f) catalytic TBAF, THF, g) Zn, NaBH3CN, 1-propanol/H2O (10:1), 95 °C, 
45 min, then NaBH4, h) Me3C6H2SO2Cl, DMAP, CH2Cl2, i) LiHMDS, THF, -78 °C to rt, j) TMSCCH, BuLi, 
BF3·OEt2, THF, -78 °C, k) K2CO3, MeOH, l) TBSOTf, 2,6-lutidine, CH2Cl2, 0 °C. 
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2.6 Dienynes via Reductive Ring-Opening of Methyl ω-Iodoglycosides 
Only one54 of the cited references in section 2.5 utilizes methyl ω-halo glycosides as templates for 
synthesis of enynes. Reductive ring-opening of a ω-halo glycoside with zinc dust under the Bernet-
Vasella conditions6,55 will give an highly functionalized enal, which is prompted for Barbier type 
alkylations. Recently Hanna and coworkers57 have used this strategy for synthesis of dienynes 
(see scheme 2.7). For information, this example is included since it has some resemblance with 
our zinc-mediated strategy. The isopropylidene protected methyl 5-deoxy-5-iodo-β-D-
ribofuranoside 5358 was fragmented in a mixture of THF/H2O in the presence of zinc dust to give 
the unsaturated aldehyde, which after work-up was alkylated with methyl bromoacetate to give the 
alkylated adduct 54 (as a diastereomeric mixture of syn/anti 7:1) in a yield of 64%. Weinreb amide 
formation followed by treatment with butenylmagnesium bromide or pentenylmagnesium bromide, 
and subsequently treatment with ethynylmagnesium bromide afforded the dienyne 58/59.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.7 Zinc-mediated fragmentation of methyl ω-iodoglycoside as template for synthesis of dienyne. 
A) (1) Zn, )))), THF-H2O, (2) methyl bromoacetate, Zn, )))), THF; b) (1) Me(MeO)NH·HCl, CH2Cl2, AlMe3, (2) 
TBSOTf, lutidine; c) 3-butenylmagnesium bromide or 4-pentenylmagnesium bromide, THF, rt;                      
d) ethynylmagnesium bromide, THF, rt; e) TESOTf, Et3N.  
 
                                            
57  Boyer, F.-D.; Hanna, I.; Ricard, L. Organic Lett. 2001, 3, 3095-3098. 
58  Lerner, M. Carbohydr. Res. 1977, 53, 177-185. 
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The synthesized dienynes were used in a tandem ring-closing metathesis reaction for obtaining 
polyoxygenated bicyclic systems (see also chapter 3).  
 
2.7 Concluding Remarks 
This chapter has surveyed the literature of propargylation and ethynylation reactions and their use 
in carbohydrate chemistry as well as synthesis of enynes. These alkynylations are not widely used 
in carbohydrate chemistry even though the reactions are high yielding. Metal-mediated Barbier 
propargylations can be problematic for electron rich aldehydes in affording mixtures of acetylenic 
and allenic alcohols. But with carbohydrates as templates, this issue is more or less diminished. 
Zinc has in all observed cases been the metal mediator of choice. Traditionally, ethynylations of 
carbohydrates are performed under standard Grignard conditions. 
 
Hydroxy-functionalized enynes are not a well-know class of compounds. However, their synthesis 
are of great interest for total synthesis of Vitamin D3 and Vitamin D3 analogues. Starting from 
carbohydrates or non-carbohydrate sources, 1,7-enynes have been synthesized in reasonably 
good overall yields. In all cases, the number of steps is though rather high, and no reports exist of 
an one-pot synthesis of enynes. 
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Chapter 3 
 
  
Ring-Closing Enyne Metathesis via        
Ruthenium Carbene Catalysis 
 
3.1 Introduction 
The aim of this chapter is to survey the literature of ring-closing enyne metathesis that is mediated 
by ruthenium carbene catalysis. Mechanistic proposals will be given together with examples of  
ring-closing enyne metathesis in the synthesis of medium sized rings, carbohydrate chemistry, 
tandem/domino reactions, and natural product synthesis.  
 
3.2 Metal Carbenes for Ring-Closing Enyne Metathesis 
Intramolecular enyne metathesis is a fascinating reaction in which the alkylidene part migrates 
from alkene to alkyne carbons.  Thus, this reaction is also called an alkylidene migration reaction 
designated with full atom economy.59,60  
 
 
 
 
 
Scheme 3.1 Ring-closing enyne metathesis is designated as an alkylidene migration reaction. 
 
Enyne metathesis is meditated by transition metals and two reaction types exist. One is effected by 
a metal carbene complex (W, Cr, Ru, Mo) and will in this chapter be reviewed for the ruthenium 
metal. The other reaction type is a reaction that proceeds via oxidative cyclization by a low-valent 
transition metal complex (Pt, Pd, Ru). The latter is shortly discussed in chapter 6. 
 
 
 
                                            
59  For a recent review see: Mori, M. Top. Organomet. Chem. 1998, 133-154. 
60  Atom Economy is a term introduced by Trost to define a catalyzed reaction wherein all atoms in the  
    starting material and product are identical, see: Trost, B. M. Angew. Chem. 1995, 107, 285-307. 
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Katz discovered enyne metathesis in 1985 with the use of a Fischer tungsten carbene complex.61 
The same types of reactions were subsequently reported using Fischer molybdenum and 
chromium carbene complexes.62 The Fischer carbene complexes suffered from low reactivity and 
often had to be used in stochiometric amounts. Grubbs and coworkers63 have reported on 
ruthenium carbene complexes for olefin metathesis. These complexes were observed to be more 
active than the Fischer carbene complexes. Since then, several different ruthenium carbene 
complexes have been introduced with higher reactivity than the first generation of complexes.64 
Some of the above mentioned carbene complexes are depicted in figure 3.1.  
 
 
 
 
 
 
 
Figure 3.1 Metal carbene complexes that have been showed to mediate ring-closing enyne metathesis. 
 
The introduction of ruthenium carbene complexes led to the first ruthenium carbene mediated 
enyne metathesis that was reported by Kinoshita and Mori in 1994.65  
 
3.3 Mechanism for Intramolecular Ring-Closing Enyne Metathesis 
The mechanism for the intramolecular enyne metathesis is not as well described as the case for 
the olefin metathesis.66 Several different aspects complicate the scene. First of all, two possible 
complexation sites (alkene or alkyne) exist for the ruthenium carbene. Secondly, two different 
pathways can be involved leading to different ring isomers. Finally, an additive like ethylene gas 
also has an impact on the reaction mechanism and the final outcome of the reaction.    
                                            
61  Katz, T. J.; Sivavec, T. M. J. Am. Chem. Soc. 1985, 107, 737-738. 
62  a) Korkowski, P. F.;  Hoye, T. R.; Rydberg, D. B. J. Am. Chem. Soc. 1988, 110, 2676-2678, b) Hoye, T.  
    R.; Suriano, J. A. Organometallics 1992, 11, 2044-2050, c) Watanuki, S.; Ochifuji, N.; Mori, M.  
    Organometallics 1994, 13, 4129-4130. 
63  a) Fu, G. C.; Nguyen, S. T.; Grubbs, R. H. J. Am. Chem. Soc. 1993, 115, 9856-9857,  b) Schwab, P.;  
    France, M. B.; Ziller, J. W.; Grubbs, R. H. Angew. Chem. Int. Ed. Engl. 1995, 34, 2039-2041, c) Schwab,  
    P.; Grubbs, R. H.; Ziller, J. W. J. Am. Chem. Soc. 1996, 118, 100-110.   
64  Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R. H. Organic Lett. 1999, 1, 953-956. 
65  Kinoshita, A.; Mori, M. Synlett 1994, 1020-1022. 
66  Mechanism of olefin metathesis: a) Dias, E. L.; Nguyen, S. T.; Grubbs, R. H. J. Am. Chem. Soc. 1997,  
    119, 3887-3897, b) Sanford, M. S.; Love, J. A.; Grubbs, R. H. J. Am. Chem. Soc. 2001, 123, 6543-6554. 
(OC)5M
Me
OMe
M = W, Cr, Mo
Ru
Ph
Ph
Cl
Cl
PCy3
PCy3
Grubbs' catalyst, B
Ru
Ph
Cl
Cl
PCy3
N N MesMes
Ru
Ph
Cl
Cl
PCy3
PCy3
A C
Ru
Ph
Cl
Cl
PCy3
N N MesMes
D
  23
Kinoshita and Mori65 reported that dienyne metathesis of 62 with ruthenium carbene catalyst A led 
to the given product distribution in scheme 3.2. The starting material 62 could be recovered in 40% 
yield. The cyclopropane derivative 65 is formed via reductive elimination from an intermediate 
ruthenacyclobutane (see scheme 3.4, vide infra). The higher yield of the enyne metathesis product 
64 and formation of cyclopropane derivative 65 compared to the diene metathesis product 63 
indicates that the ruthenium carbene principally reacts with the alkyne part first, not the alkene part.  
 
 
 
 
 
 
 
Scheme 3.2 Competitive ring-closing diene and enyne metathesis, a) 2 mol% A, CH2Cl2, rt, 39h. 
 
 
A recent contribution from Mori and coworkers67 also favors initial alkyne coordination over the 
alkene coordination. Herein, metathesis of 1,6-enynes having 1,1-substituted alkenes with 
ruthenium carbene complex C gave the expected five-membered cyclic compound 67 together with 
significant amounts of six-membered cyclic metathesis product 68 (see scheme 3.3).  
 
 
 
 
 
 
Scheme 3.3 Enynes with 1,1-substituted alkene give different ring sizes in ring-closing enyne metathesis, 
a) 5 mol% D, toluene, 80 °C, 6h.   
 
 
Small amounts of a cyclopropane derivative as a result of reductive elimination from a 
ruthenacyclobutane was also observed.  
 
                                            
67  Kitamura, T.; Sato, Y.; Mori, M. Chem. Commun. 2001, 1258-1259. 
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A possible reaction mechanism is shown in scheme 3.4, which can explain these phenomena. It is 
believed that there are two possible pathways for reaction of the alkyne with the methylidene 
ruthenium carbene complex (path A and path B). Path A illustrates the often-involved mechanism, 
whereas path B describes the unexpected formation of larger ring isomer. If the reaction proceeds 
through path A, ruthenium carbene complex II would be formed. Intramolecular [2+2] cycloaddition 
of II leads to the smaller ring-sized product. On the other hand, ruthenacyclobutane IV would be 
formed, if the ruthenium metal of the carbene associates with the distal carbon of the alkyne. Ring-
opening of IV affords the ruthenium carbene complex V, which reacts intramolecular with the 
alkene to give ruthenacyclobutane VI. Retro [2+2] cycloaddition of VI affords the larger ring-sized 
product and regenerates the ruthenium carbene.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.4 Two possible reaction pathways for ring-closing enyne metathesis if R ≠ H. Path A is 
predominant for R = H. 
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Formation of a six-membered ring product from a 1,6-enyne excludes coordination of the 
methylidene ruthenium complex to the alkene part of the enyne. However, the reaction of the 
methylidene carbene complex and the olefin part of the enyne can lead to formation of the smaller 
ring-sized product.68  
 
3.4 Substituent Pattern on Enyne and Influence of Ethylene Gas in Enyne 
Metathesis 
As seen above, substituent pattern on the enyne has a great influence on the overall reaction and 
results in different product distributions and reactivity of the substrate. In summary, 1,6-enynes 
having 1,1-substituted alkenes afford (as seen in scheme 3.3) both five- and six-membered 
cyclized products. On the other hand, metathesis reaction of enynes having mono- or 1,2-
substituted alkenes will proceed via path A and hereby give the expected smaller ring-sized 
product. The effect of the substituent on the alkyne is also important. It has been shown that 
reaction rate of an enyne having a terminal alkyne is slow. In addition, the reaction will be 
hampered by an electron-withdrawing group on the alkyne (e.g. COOMe) or a electron-neutral 
group (such as TMS), whereas electron-donating substituents accelerate the reaction.65  
 
The ruthenium carbene mediated metathesis of enynes having no substituents on the alkyne can 
be accelerated by the presence of ethylene gas.69 As depicted in scheme 3.5, the yield of cyclic 
1,3-diene 70 was increased significantly from 21% to 90% when the metathesis reaction was 
carried out under an ethylene atmosphere. 
 
 
 
 
 
 
Scheme 3.5 Ethylene gas accelerates the rate of metathesis reaction of enynes having no substituent on 
the alkyne moiety.   
                                            
  68  Coordination of the methylidene ruthenium complex to the olefinic part of the enyne will lead to formation  
      of a ruthenacyclobutane. Retro [2+2] cycloaddition will produce a ruthenium carbene complex and  
      ethylene gas. Next, the carbene complex will perform a intramolecular [2+2] cycloaddition with the  
      alkyne part of the starting enyne, which results in formation of a ruthenacyclobutene.  Regeneration of  
      ruthenium carbene and release of the metathesis product arise from reaction of ethylene gas with the  
      vinylic ruthenium carbene complex followed by retro [2+2] cycloaddition. See ref. 69 for suggested  
      catalytic cycle for this pathway.  
 69  Mori, M.; Sakakibara, N.; Kinoshita, A. J. Org. Chem. 1998, 63, 6082-6083. 
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In the absence of ethylene gas, it is believed that the ruthenium carbene complex will coordinate to 
the formed cyclic 1,3-diene (see scheme 3.6). The carbene can then react with the vinyl group to 
produce ruthenacyclobutane XI, and retrocycloaddition of XI will generate the ruthenium carbene 
complex XII. This complex XII will have a strong coordination to the endocyclic olefin. Hereby, the 
catalytic activity of the methylidene ruthenium carbene is significant decreased.70 However, when 
the reaction is performed under ethylene atmosphere, the generated methylidene ruthenium 
carbene reacts with ethylene to produce ruthenacyclobutane XIII. The ruthenacyclobutane XIII is in 
a state of equilibrium with methylidene ruthenium carbene and ethylene gas. Thus, the presence of 
ethylene gas will shift the equilibriums towards formation of the cyclic 1.3-diene product X and 
regeneration of methylidene ruthenium carbene. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.6 The influence of ethylene gas in ring-closing enyne metathesis.  
  
3.5 Synthesis of Medium-Sized Ring Compounds 
Ring-sizes of five to nine have been synthesized via ring-closing enyne metathesis. While olefin 
metathesis is driven by the release of ethene during the course of the reaction, enyne metathesis 
is devoid of such an inherent driving force. Therefore, most examples in the literature so far deal 
with the formation of five-membered cyclic compounds, which have the highest intrinsic bias for 
                                            
70  Formation of XII can also lead to side products via cross metathesis of X, see chapter 6. 
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cyclization. Table 3.1 shows the results of cyclization of enynes into five-, six- and seven-
membered rings using the same scaffold of the enyne.65,71 As seen for R equals methyl,71 the 
pyrrole ring system (in entry 1) is formed in an excellent yield (97%) by ruthenium carbene D 
mediated metathesis in toluene at 80 °C, whereas the corresponding six-membered ring (entry 2) 
is only formed in 66% yield. Intramolecular metathesis of the 1,8-enyne affords the metathesis 
product in good yield of 81% (entry 3). Remarkably, huge differences in reaction times are also 
observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.1 Ring-closing enyne metathesis. All reactions for R = Me were carried out in toluene at 80 °C in 
presence of 1 mol% of ruthenium carbene D, for R = CH2OTBS the reactions were carried out in the 
presence of 1 mol% of catalyst A in refluxing benzene. 
 
 
However, Mori and coworkers65 have showed that corresponding enynes with R equals CH2OTBS 
(table 3.1) afforded the cyclized products in almost identical yields (77-88%) when using catalyst A 
(1 mol%) in refluxing benzene. 
 
                                            
71  Fürstner, A.; Ackermann, L.; Gabor, B.; Goddard, R.; Lehmann, C. W.; Mynott, R.; Stelzer, F.; Thiel, O. R.  
    Chem. Eur. J. 2001, 7, 3236-3253. 
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Formation of eight- and nine-membered rings via ring-closing enyne metathesis has been studied 
recently by Mori and coworkers.72 In general, synthesis of these larger ring-systems is difficult. 
Undesirable dimerization of the enyne as a side-reaction is often occurring. Furthermore, it was 
frequently observed that black material was gradually deposited in the course of the reaction. This 
is due to the formation of an olefinic isomer as a result of β-hydride elimination of the intermediate 
ruthenacyclobutene (e.g. 75) followed by reductive elimination. Consequently, the methylidene 
ruthenium carbene catalyst is not regenerated. Example of the complicated scene is depicted in 
scheme 3.7.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.7 Formation of nine-membered ring compound, a) 10 mol% Grubbs catalyst B in CH2Cl2 at rt, 
20h. 
 
 
In addition, ethylene gas did not accelerate the intramolecular reaction for enynes having terminal 
alkynes as previously reported.69 Instead, cross metathesis between the alkyne bond and ethylene 
was observed. However, several examples of successful synthesis of both eight- and nine-
membered ring-sizes were obtained. Some of these results are depicted in table 3.2. 
                                            
72  a) Mori, M.; Kitamura, T.; Sakakibara, N.; Sato, Y. Organic Lett. 2000, 2, 543-545, b) Mori, M.; Kitamura,  
    T.; Sato, Y. Synthesis 2001, 654-664. 
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Table 3.2 Synthesis of eight- and nine-membered ring compounds with the use of 10 mol% of Grubbs 
catalyst B in CH2Cl2 at rt. Entry 2: the two ring isomers are formed in a ratio of the expected enyne 
metathesis product/olefin isomer = 2:1. Entry 5: refluxing CH2Cl2 has been used; the assignment of the ring 
compound is not given but only one isomer is observed. 
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In general, ring-closures to cyclooctenes were accelerated by two heteroatoms at the 1,4-position. 
The absence of one of the nitrogen atoms in enyne in entry 1 (table 3.2) resulted in dramatically 
lower yield (11%) of the cyclooctene. The reason for this is not clear, but presumably a steric factor 
plays a role. Surprisingly, substituting the oxygen atom with an N-tosyl group in the enyne at entry 
5 (table 3.2) favored formation of the cross metathesis product and none of the cyclized product 
could be isolated. 
  
 
3.6 Enyne Metathesis in Tandem/Domino Reactions 
Tandem/domino reactions have become one of the new trends in synthetic organic chemistry 
during the last decade.73 Ring-closing enyne metathesis generates a 1,3-diene system that is 
prompted for subsequent transformation in e.g. olefin metathesis or Diels-Alder reactions. 
 
3.6.1 Double Metathesis Reactions 
The exact mechanism of double metathesis reactions is not always obvious. However, initial 
alkyne coordination can still be favored over olefinic coordination to the methylidene ruthenium 
carbene. The equilibriums of the different stages of the sequence play here an important part in 
determining the outcome of the tandem/domino reaction. 
 
Grubbs and coworkers were the first to introduce catalytic ring-closing metathesis of dienynes in 
1994.74  In this elegant work, different fused bicycles containing five-, six-, and seven-membered 
rings were synthesized by catalysis of ruthenium carbene A. Table 3.3 shows some selected 
examples. The symmetrical dienyne (entry 1, table 3.3, vide infra) could be metathesized to the 
bicyclo [4.3.0] ring system in an excellent yield of 95% with a low loading of catalyst. 
With substrates containing unsymmetrical tethered dienes, two different products were obtained as 
expected (entry 2, table 3.5). Interestingly, simple olefin substitution determines the outcome of the 
dienyne metathesis reaction. As shown in entry 3 and entry 4, alkyl substitution on one of the 
olefins directs the initial [2+2] cycloaddition that again determines the type of the resulting bicyclic 
structure. 
 
 
 
 
                                            
73  Tietze, L. F. Chemical Reviews 1996, 96, 115-136. 
74  a) Kim, S.-H.; Bowden, N.; Grubbs, R. H. J. Am. Chem. Soc. 1994, 116, 10801-10802, b) Kim, S.-H.;  
    Zuercher, W. J.; Bowden, N. B.; Grubbs, R. H. J. Org. Chem. 1996, 61, 1073-1081. 
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Table 3.3 Ring-closing metathesis of dienynes. The reactions were performed in presence of ruthenium 
carbene catalyst A as follows: entry 1: 3 mol% in CH2Cl2, entry 2 and entry 3: 3 mol% in toluene at 65 °C; 
entry 4: 15 mol% in toluene at 100 °C. 
 
 
In context with initial experiments, Grubbs and coworkers75 extended the dienyne metathesis 
protocol to polycyclization reactions involving a series of intramolecular metatheses (see scheme 
3.8). Impressingly, tricyclic and tetracyclic compounds (78 and 81) could be formed with the use of 
Grubbs catalyst B in excellent yields, respectively 84% and 70%. The methylidene ruthenium 
carbene complex is here believed to coordinate initially to the 1-substitued olefin in the precursor 
(see 77 and 80) leading to a cascade of metatheses.75 
                                            
75  Zuercher, W. J.; Scholl, M.; Grubbs, R. H. J. Org. Chem. 1998, 63, 4291-4298. 
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Scheme 3.8 Polycyclization reactions of ene-yne precursors, a) Grubbs catalyst B (4 mol%), benzene,     
45 °C, 4h, b) Grubbs catalyst B (4 mol%), benzene, rt, 4h. 
 
 
Van Boom and coworkers76 have also utilized dienyne metathesis in their construction of          
P(V)-heterocycles (see scheme 3.9). However, substrate was often too unreactive, which led to 
incomplete conversion of the dienyne into the bicycle. Enyne phosphonates could also be cyclized 
via ruthenium carbene mediated metathesis. 
 
 
 
  
 
 
Scheme 3.9 Metathesis of a dienyne phosphonate, a) ruthenium carbene catalyst C (1 mol%), CH2Cl2, rt, 
3h. 
                                            
76  Timmer, M. S. M.; Ovaa, H.; Filippov, D. V.; van der Marel, G. A.; van Boom, J. H. Tetrahedron Lett. 2001,  
    42, 8231-8233. 
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Granja and coworkers77 have reported on a macrocyclic structure of a [6.4.0] ring system, which 
has been made with the use of dienyne metathesis. The carbocyclization of a diastereomeric 
mixture (1:1 at C-10) of the dienyne 84 was performed in refluxing dichloromethane in the 
presence of high loading of Grubbs catalyst (15 mol%) to provide the new-formed cyclohexene-
cyclooctene rings 85 in 48% yield (scheme 3.10).  The diastereomeric ratio was increased (from 
1:1 to 13:2 at C-10, 85) due to lower reactivity of one of the diastereomers. Albeit low turnover of 
catalyst, the example is interesting in the fact that the ring moiety could not be formed via the 
corresponding diene metathesis. This approach allows access to compounds with a carbon 
framework analogous to the proposed transition state of the isomerization of provitamin D3 to 
Vitamin D3.77 
 
 
 
 
 
 
 
Scheme 3.10 Tandem dienyne metathesis to provide a [6.4.0] ring system, a) Grubbs catalyst B              
(15 mol%), CH2Cl2, reflux. 
 
 
Recently, Choi and Grubbs78 have utilized catalyst C for tandem ring-closing dienyne metathesis 
with good success. Scheme 3.11 shows a selected example with ring-cyclization of 86 in 
dichloromethane at 40 °C to give the 6,6,6-fused tricyclic compound 88 in quantitatively yield. In all 
examined cases78 the 7-membered lactone (as consequence of diene metathesis) has never been 
observed. This implies, that during the first RCM event, the newly formed alkylidenes (e.g. 87) 
exclusively reacts with acetylenes over acrylates. 
 
 
 
 
 
 
 
 
Scheme 3.11 Formation of 6,6,6-fused tricyclic compound via tandem ring-closing dienyne metathesis, a) 5 
mol% catalyst C, CH2Cl2, 40 °C.  
                                            
77  Codesido, E. M.; Castedo, L.; Granja, J. R. Organic Lett. 2001, 3, 1483-1486. 
78  Choi, T.-L.; Grubbs, R. H. Chem. Commun. 2001, 2648-2649. 
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A domino sequence of a ring-opening and ring-closing enyne metathesis followed by diene cross 
metathesis has recently been reported.79,80 The concept for both published results is depicted in 
scheme 3.12. The initial attack of ruthenium carbene on the alkyne moiety will lead to the formation 
of the ruthenium carbene complex XVI. Ring-opening metathesis, where the cycloalkene reacts 
intramolecularly with ruthenium carbene complex XVI, gives the ruthenacyclobutane XVII, which is 
converted into the ruthenium carbene complex XVIII. In absence of a trapping agent, a polymer 
should result from an intermolecular cross-metathesis reaction of XVIII with the starting enyne XIV. 
However, when an olefin is introduced a defined structure XIX is obtained.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.12 Domino metathesis sequence involving a ring-closing/ring-opening metathesis (RCM-ROM) 
followed by diene cross metathesis (CM). 
 
 
Kitamura and Mori79 utilized ethylene gas as the trapping agent in the final step of the metathesis 
sequence. Blechert and coworkers80 also managed to introduce other olefins than ethylene. Table 
3.4 shows some selected examples of results from these two groups. The trienes were obtained in 
remarkably good yields for this domino reaction. However, the E/Z stereoselectivity of the final 
cross metathesis is low. Kitamura and Mori79 found that methyl substitution of the alkyne moiety in 
                                            
79  Kitamura, T.; Mori, M. Organic Lett. 2001, 3, 1161-1163. 
80  Rückert, A.; Eisele, D.; Blechert, S. Tetrahedron Lett. 2001, 42, 5245-5247. 
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the enyne scaffold (in entry 1, table 3.4) hampered the reaction. As expected, absence of ethylene 
gas (or other olefins) resulted in polymerization of the substrate and no detection of desired 
product.79,80  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.4 Results of domino sequence of ring-closing/ring-opening metathesis followed by cross metathesis 
with the depicted olefin. The reactions were performed in CH2Cl2 in the presence of Grubbs catalyst B           
5 mol% (entry 1, entry 2, entry 3, and entry 4) or 10 mol% (entry 1, n = 2, 4). 
 
3.6.2 Tandem Enyne Metathesis/Diels-Alder Reactions 
Ring-closing enyne metathesis provides cyclic 1,3-dienes, which can be useful substrates for a 
subsequent Diels-Alder reaction. In the last 2 years, reports of one-pot enyne metathesis/Diels-
Alder reactions have emerged as a powerful tool for creating high functionality from an acyclic 
enyne.  
1
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Renaud and coworkers81 used Diels-Alder cycloadditions to trap intermediate 1,3-
dialkenylboronates without removing the ruthenium carbene catalyst B (see table 3.5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.5 Tandem enyne metathesis/Diels-Alder cycloaddition of alkynylboronic esters. The cycloaddition 
were performed in dichloromethane in the presence of EtAlCl2 at  78 °C to 0 °C, and in benzene solutions 
at 80 °C without addition of Lewis acid. The ruthenium carbene catalyst B (5-10 mol%) was not removed 
before next step in the tandem sequence.  
 
Ring-closing enyne metathesis mediated by Grubbs catalyst B (5-10 mol%) provided                       
1-vinylcyloalkenes, which in some cases could be isolated. However, unsubstituted five- or seven-
                                            
81  Renaud, J.; Graf, C.-D.; Oberer, L. Angew. Chem. Int. Ed. 2000, 39, 3101-3104. 
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membered rings proved unstable upon concentration, and instead these dienylboronic esters were 
directly transformed into Diels-Alder adducts. The yields of the polycyclic structures are excellent 
with a good stereocontrol favoring the endo isomer (entry 1 and 2).  The tandem reaction was 
unfortunately not extended to unsymmetrical dienophiles like acrolein, nitroethylene, and methyl 
vinyl ketone, even though these were observed to undergo successful cycloadditions to isolated 1-
vinyl cyclopentenes.81  
 
Bentz and Laschat82 extended the above described enyne metathesis/Diels-Alder cycloaddition to 
a domino version in which an enyne, a dienophile and Grubbs catalyst B were mixed together in 
CH2Cl2 at room temperature. Table 3.6 shows some selected examples of this elegant work.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.6 Domino enyne metathesis/Diels-Alder cycloaddition, a) number in brackets refers to the overall 
yield for the stepwise reaction, b) BCl3 is added.  
                                            
82  Bentz, D.; Laschat, S. Synthesis 2000, 1766-1773. 
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The unsymmetrical dienophile ethyl acrylate could also be employed in the domino sequence 
(entry 4, table 3.8). Due to its lower reactivity, Lewis acid had to be added. However, Grubbs 
catalyst turned out to be remarkably stable even in the presence of stochiometric amounts of a 
strong Lewis acids. This brings this concept to an even more interesting level. In all cases, the 
yield of the domino sequence were significantly higher than those obtained for the step-wise 
protocol. 
 
Pleixats and coworkers83 extended the beautiful work of Bentz and Laschat82 to the syntheses of 
tricyclic and tetracyclic benzoxepin derivatives (scheme 3.13), but now in a tandem protocol. The 
polycyclic compounds were obtained in good yields in this one-pot procedure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.13 Synthesis of tricyclic and tetracyclic benzoxepin derivatives by one-pot enyne 
metathesis/Diels-Alder cycloaddition, a) Grubbs catalyst B (2-6 mol%), CH2Cl2, room temperature, 5h, b) 
EtO2C-N=N-CO2Et, reflux, 4 days, c) benzoquinone, reflux 4 days, d) maleimide, reflux, 4 days. 
 
 
Pérez-Castells and coworkers84  have shown a new entry to the skeleton of steroids with the use of 
a tandem sequence of ring-closing enyne metathesis/Diels-Alder cycloaddition. An aromatic enyne 
94 was cyclized in the presence of Grubbs catalyst B (7 mol%) followed by addition of maleic 
anhydride (scheme 3.14). The tandem reaction was performed under mild conditions in refluxing 
                                            
83  Moreno-Mañas, M.; Pleixats, R.; Santamaría, A. Synlett 2001, 1784-1786. 
84  Rosillo, M.; Casarrubios, L.; Domínguez, G.; Pérez-Castells, J. Tetrahedron Lett. 2001, 42, 7029-7031. 
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dichloromethane and gave the tetracyclic structure rac-95 in 85% yield as a single isomer (endo 
adduct, racemic mixture).  
 
 
 
 
 
 
 
 
Scheme 3.14 Construction of steroid framework via tandem enyne metathesis/Diels-Alder reaction, a) 
Grubbs catalyst B (7 mol%), CH2Cl2, reflux, then maleic anhydride and further heating to reflux (total 
reaction time 36h). 
 
 
3.6.3 Miscellaneous Reactions 
Yao85 has performed a one-pot synthesis of highly functionalized dienes via tethered enyne 
metathesis followed by Tamao oxidation of the silicium-carbon linkage without any intermediate 
purification step. From this protocol, a range of different dienes could be formed in excellent yields 
(68-88%) where some examples are depicted in scheme 3.15. 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.15 Tethered enyne metathesis, a) Grubbs catalyst B (3 mol%) in CH2Cl2, reflux, b) KF, H2O2, 
KHCO3, MeOH/THF, c) ruthenium carbene catalyst C (1 mol%) in CH2Cl2, reflux, d) KF, H2O2, KHCO3, 
MeOH/THF.  
 
 
These new concepts presented in this section open the possibility for easy access to rather 
complex frameworks from fairly simple and ready available enynes.  
                                            
85  Yao, Q. Organic Lett. 2001, 3, 2069-2072. 
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3.7 Applying Ring-Closing Enyne Metathesis in Carbohydrate Chemistry 
Intramolecular enyne metathesis has been applied in few cases in carbohydrate chemistry.12,86 The 
group of van Boom was the first to utilize this novel methodology for ring-closure of carbohydrate 
derived enynes.12d,12e Their work relies on pyranosides and furanosides with oxygen tethered 1,6- 
and 1,7-enynes (see table 3.7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.7 Ring-closing metathesis of carbohydrate derived enynes. Entry 1 and entry 2: the reactions were 
performed under ethylene atmosphere. Entry 3, entry 4 and entry 5: the reactions were performed under 
nitrogen. Loading of Grubbs catalyst B was as following: 3 mol% (entry 2, R = CH2OTBS), 5 mol% (entry 3), 
7 mol% (entry 4), and 10 mol% (entry 1, entry 2 (R= H)). 
 
Reaction conditions involved the use of Grubbs catalyst B (3-10 mol%) in toluene at 60 °C. In 
some cases ethylene atmosphere was preferable over nitrogen.  As seen, the loading of catalyst is 
                                            
86  Clark, J. S.; Trevitt, G. P.; Boyall, D.; Stammen, B. Chem. Commun. 1998, 2629-2630. 
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rather high for these densely functionalised enynes compared to more simple enynes of same 
length as previous described. This is a general trend that higher loading is needed for more 
complex substrates. The metathesis products were all obtained in good yields. However, terminal 
alkynes  (entry 1 and 2) were more reluctant towards cyclization even under an atmosphere of 
ethylene gas. 
 
Clark and Hamelin12a,86 used ring-closing metathesis for creating polycyclic ether assembly, which 
is the framework of the neurotoxic agents Brevetoxin and Ciguatoxin.  One of the substrates was a 
dienyne 102 (Scheme 3.16) from which a tricyclic oxygen tethered compound 103 could be 
obtained after a double metathesis in a modest yield of 50% using sub-stochiometric amounts of 
Grubbs catalyst (15 mol%). Influence of ethylene gas has not been investigated in this work. 
 
 
 
 
 
 
 
Scheme 3.16 Assembling of polycyclic ethers via ring-closing enyne metathesis, a) Grubbs catalyst B       
(15 mol%), CH2Cl2. 
 
 
Recently, Hanna and coworkers12b described the first published carbocyclization of carbohydrate-
derived dienynes.87 It was found that Grubbs catalyst B was insufficient for this double metathesis 
reaction, whereas the more reactive ruthenium imidazolylidene catalyst C provided the wanted 
fused bycyclic cores. However, the loading of catalyst (10 mol%) is rather high. Furthermore, 
sterically hindered blocking group (TES) at the fused ring point was needed for obtaining a 
complete reaction (see entry 2, table 3.8).  
                                            
87  The synthesis of the carbohydrate derived dienynes are discussed in chapter 2. 
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Table 3.8 Ring-closing metathesis of carbohydrate derived dienynes. The reactions were performed in 
refluxing CH2Cl2 in presence of 10 mol% C. The yields in entry 2 (R = TES) are isolated yields after 
desilylation (a) Bu4NF in THF at rt). 
 
 
3.8 Natural Product Synthesis 
3.8.1 Synthesis of (−)-Stemoamide 
In 1996, Kinoshita and Mori presented the first natural product synthesis using an enyne 
metathesis as the key step in the protocol.88 (−)-Stemoamide was synthesized in 14 steps in 9% 
overall yield from (−)-pyroglutamic acid  (see scheme 3.17).  The enynes 109/110 emerge from 
installation of the alkene moiety by N-alkylation with 5-bromo-1-pentene, followed by introducing an 
ethynyl group in 107 via dibromoolefination and subsequent halide elimination-alkyne alkylating 
protocol. Upon heating in benzene ring-closing metathesis of 109 (R = Me) with ruthenium carbene 
catalyst A gave the cycloheptene 111 in a 73% yield. However, the yield of the metathesized 
product could be elevated to 87% with reaction of enyne 110 having a carbomethoxy group on the 
alkyne with Grubbs catalyst B in dichloromethane at room temperature. Reduction of 112 was 
                                            
88  a) Kinoshita, A.; Mori, M. J. Org. Chem. 1996, 61, 8356-8357, b) Kinoshita, A.; Mori, M. Heterocycles  
    1997, 46, 287-299. 
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followed by bromolactonization, which gave bromide 114 and elimination product 115 in yields of 
25% and 31%, respectively. The bromo derivative 114 could easily be converted into 115 by 
treatment with triethylamine. Finally, treatment of enone 115 with sodium borohydride in the 
presence of NiCl2·6H2O gave ()-Stemoamide. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.17 Synthesis of (−)-Stemoamide, a) NaH, KI, DMF, 5-bromo-1-pentene, 0-50 °C, b) TsOH, 
MeOH, rt, c) (COCl)2, DMSO, Et3N, -60-0 °C, d) CBr4, Ph3P, 0 °C, e) BuLi, HMPA, THF, -78-0 °C, then MeI 
or ClCOOMe, LDA, HMPA, -78 °C-rt, f) 4-5 mol% Grubbs catalyst B or ruthenium carbene catalyst A, 
CH2Cl2, rt or benzene, 50 °C, g) NaBH4, MeOH, 0 °C, h) NaOH, MeOH/H2O, 0 °C, i) CuBr2 on Al2O3, 65 °C, 
j) Et3N, k) NiCl2·6H2O, NaBH4, MeOH, -30°C.  
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3.8.2 Synthesis of (±)-Differolide 
Hoye and coworkers89 reported that a spontaneous dimerization by Diels-Alder reaction of                
2-vinylbutenolide prepared by enyne metathesis gives the natural product rac-Differolide (see 
scheme 3.18). Ring-closing enyne metathesis provided the 1,3-diene 117 in a low yield (40%), 
which spontaneously dimerized in a highly selective manner on standing at room temperature.  
The conditions for the dimerization reaction were optimized with dissolving the 1,3-diene in 
chloroform-d and heating to 50 °C.  
 
 
 
 
 
 
 
 
 
Scheme 3.18 Spontaneous dimerization by Diels-Alder reaction of the metathesis product 117, a) 10 mol% 
Grubbs catalyst B in CH2Cl2 at room temperature, b) CDCl3, 50 °C.  
 
 
3.8.3 Synthesis of AB Ring System of the Manzamine Alkaloids 
In the progress of total synthesis of the Manzamine alkaloids Clark and coworkers90 have utilized 
enyne metathesis in constructing the AB ring system (see scheme 3.19). The optical pure enyne 
122 was prepared from  ()Quinine in 6 steps. Ring-closing metathesis of enyne 122 with the use 
of Grubbs catalyst B (10 mol%) in dichloromethane in the presence of ethylene gas at room 
temperature provided the bicyclic ring system 123 in an excellent yield of 96%. Regioselective 
hydroboration of the vinyl group followed by alkylation gave the benzylic ether 124. The required 
amino and hydroxyl groups were then introduced simultaneously by employing a highly diastereo- 
and regioselective Sharpless aminohydroxylation reaction in a good yield (76%). When 
Chloramine-M was used instead of Chloramine-T, stereoselective dihydroxylation occurred instead 
of aminohydroxylation. In this way, the AB ring system 125 was assembled in enantiomerically 
pure form. The presented AB system 125 possesses most of the functionality required for further 
elaboration to an advanced intermediate in the synthesis of Manzamine A.  
                                            
89  Hoye, T. R.; Donaldson, S. M.; Vos, T. J. Organic Lett. 1999, 1, 277-279. 
90  Clark, J. S.; Twonsend, R. J.; Blake, A. J.; Teat, S. J.; Johns, A. Tetrahedron Lett. 2001, 42, 3235-3238. 
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Scheme 3.19 Synthesis of the AB ring system of the Manzamine alkaloids, a) t-BuOK, Ph2CO, toluene, 
reflux, 6h, b) t-BuOK, O2, i-PrOH, THF 0-20 °C, 3h, c) (t-BuOCO)2O, Et3N, DMAP, CH2Cl2, 0 °C-rt, 18h,       
d) LiAlH4, THF, 0 °C-rt, 1.5h, e) TsCl, Et3N, CH2Cl2, rt, 16h, f) HCCLi·(NH2CH2)2, DMSO, THF, rt, g) Grubbs 
catalyst (10 mol%), CH2CH2, CH2Cl2, rt, h) Sia2BH, THF, -10-4 °C, 6h, then NaOH aq., 30% H2O2, THF,        
-10 °C-rt, 18h, i) NaH, BnBr, n-Bu4NI, 18-c-6, THF, 0 °C-rt, 19h, j) K2Os(OH)4 (8 mol%), (DHQD)2PHAL      
(10 mol%), TsNClNa (6 eq.), CH3CN, H2O, rt, 72h. 
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3.9 Synthesis of Biologically Active Substances 
3.9.1 Synthesis of β-Lactams 
Barrett and coworkers91 have reported on new methods of synthesizing bicyclic β-lactams using 
enyne metathesis. Enynes of different lengths were ring-closed with the use of Grubbs catalyst B 
(10 mol%) in dichloromethane and hereby, five- to seven-membered rings were constructed in 
excellent yields (see table 3.9). Entry 4 shows an example of dienyne metathesis, which gave the 
tricyclic ring system in a good yield.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.9 Bicyclic β-lactams from ring-closing metathesis. The reactions were performed in CH2Cl2 at rt in 
the presence of Grubbs catalyst B (10 mol%).  
                                            
91  a) Barrett, A. G. M.; Baugh, S. P. D.; Braddock, D. C.; Flack, K.; Gibson, V. C.; Procopiou, P. A. Chem.  
    Commun. 1997, 1385-1376, b) Barrett, A. G. M.; Baugh, S. P. D.; Braddock, D. C.; Flack, K.; Gibson, V.  
    C.; Giles, M. R.; Marshall, E. L.; Procopiou, P. A., White, A. J. P.; Williams, D. J. J. Org. Chem. 1998, 63,  
    7893-7907. 
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Enynes having a terminal alkyne proved unsuitable for the metathesis reaction. The use of 
ethylene gas has in this respect not been explored in these studies.   
 
Recently, Genet and coworkers92 have extended the described strategy above by utilizing the 
bicyclic β-lactams as substrates in Diels-Alder cycloaddition reactions with symmetric 
dienophiles,93 which gave adducts in modest yield. 
 
3.9.2 Synthesis of Amino Acid Derivatives 
Hammer and Undheim94 have described stereoselective synthesis of α-amino carboxylic acids 
using enyne metathesis (see scheme 3.20). The enynes 126, 129 were available in 
stereochemically pure form by stepwise alkylations of the chiral auxiliary (R)-2,5-dihydro-3,6-
dimethoxy-2-isopropylpyrazine with bromo-alkenes and alkynes. Ring-closing enyne metathesis 
using Grubbs catalyst in refluxing benzene gave the 1-vinylcycloalkenes 127, 130 in good yields. 
The spirane metathesis products 127, 130 were cleaved to obtain the desired amino acid methyl 
esters 128, 131 under mild acidic conditions. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.20 Synthesis of α-amino carboxylic acids, a) Grubbs catalyst B (5 mol%), benzene, reflux,           
b) 0.2 M TFA, CH3CN, rt. 
 
 
                                            
92  Duboc, R.; Hénaut, C.; Savignac, M.; Genet, J.-P.; Bhatnagar, N. Tetrahedron Lett. 2001, 42, 2461-2464. 
93  Dimethylacetylenedicarboxylate, N-phenylmaleimide, maleimide or tetracyanoethylene.  
94  Hammer, K.; Undheim, K. Tetrahedron 1997, 53, 10603-10614. 
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Kotha and coworkers95,96 have reported on synthesis of constrained α-amino acid derivatives via 
enyne metathesis followed by Diels-Alder additions in a stepwise manner. However, the protocol 
was not stereospecific which diminish its use in medicinal chemistry.  
 
3.10 Concluding Remarks 
In the last decade enyne metathesis using ruthenium carbene catalysis has gained increasing 
interest in synthetic organic chemistry. It is a very simple reaction procedure which proceeds under 
mild conditions making it attractive also to carbohydrate chemistry. The fascinating synthetic 
method provides cyclic 1,3-dienes that can be employed in tandem/domino reactions such as 
double metathesis protocols (dienyne metathesis) or metathesis/Diels-Alder cycloadditions. Given 
these attractive possibilities, enyne metathesis has been utilized as the key step in syntheses of 
both naturally occurring and synthetic biologically active compounds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                            
95  Kotha, S.; Sreenivasachary, N.; Brahmachary, E. Tetrahedron Lett. 1998, 2805-2808. 
96  Kotha, S.; Sreenivasachary, N. Chem. Commun. 2000, 503-504. 
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Chapter 4 
 
  
Synthesis of 5-Iodopentofuranosides via        
a Novel Sulfonylation Protocol  
 
4.1 Introduction 
This chapter deals with the regioselective nucleophilic substitution of the primary hydroxyl group 
with iodide in unprotected furanosides. A novel one-pot sulfonylation protocol is presented which 
gives access to triethylsilyl protected methyl 5-iodofuranosides that are used as substrates for 
synthesis of 1,7-enynes (see chapter 5). 
 
Nucleophilic substitution of primary hydroxyl groups in carbohydrates is often carried out by the 
use of sulfonate esters. For a long time, methane- and p-toluenesulfonates have been used.97 
However, these reagents often suffer from lack of regioselectivity and the need for rather high 
reaction temperatures to facilitate the desired displacement. For instance, contaminate tosylation 
of the 2-hydroxyl group has often been observed with the use of p-toluenesulfonyl chloride.98  
Mesitylenesulfonyl chloride has been observed to display good regioselectivity for primary over 
secondary hydroxyl groups, but the corresponding sulfonate is a rather poor leaving group for the 
subsequent displacement reaction.99 The p-bromobenzenesulfonate is approximately 4 times 
better as leaving group than p-toluenesulfonate and 12 times better than methanesulfonate. 
Nevertheless, it has only been applied on a few occasions in carbohydrate chemistry.100 Superior 
leaving group properties has been found for the trifluoromethanesulfonate group, but due to lack of 
regioselectivity, this reagent is mostly applied for activation of hydroxyl groups in otherwise 
protected carbohydrates.101  
 
                                            
 97  For reviews covering the work uptill the late 1960s see: a) Ball, D. H.; Parrish, F. W. Adv. Carbohydr.  
     Chem. 1968, 23, 233-280, b) Ball, D. H.; Parrish, F. W. Adv. Carbohydr. Chem. 1969, 24, 139-197. 
 98  Lundt, I.; Madsen, R. Synthesis 1992, 1129-1132 
 99  a) Ball, D. H.; Bissett, F. H.; Chalk, R. C. Carbohydr. Res. 1977, 55, 149-163, b) Fleet, G. W. J.; Shing, T.  
      K. M. Tetrahedron Lett. 1983, 24, 3657-3660. 
100  Wu, M.-C., Anderson, L.; Slife, C. W.; Jensen, L. J. J.Org. Chem. 1974, 39, 3014-3020 
101  Binkley, E. R.; Binkley, R. W. in Preparative Carbohydrate Chemistry, edited by Hanessian, S., Marcel  
      Dekker, 1997, New York.  
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Due to the described complications above, triphenylphosphine based protocols have emerged for 
regioselective displacement reactions on carbohydrates.102 This methodology has the advantage of 
being a one-pot procedure, while sulfonates usually have to be isolated before the subsequent 
nucleophilic step. Introduction of halides are accomplished by the activation of the 
triphenylphosphine by halide sources (CX4, NXS, or X2, where X is the halide).103 The 
disadvantage with displacement of oxyphosphonium intermediates is the release of 
triphenylphosphine oxide, which can be very difficult and tedious to remove with standard 
purification methods and makes therefore the use of this methodology less appealing.104 
 
4.2 Reported Toluenesulfonylations of Pentofuranosides 
p-Toluenesulfonylation of unprotected methyl pentofuranosides have been performed for 2-deoxy 
ribose,105 ribose,106 and xylose.107 As seen in table 4.1 (vide infra), this afforded the corresponding 
sulfonates in modest to good yield. In the case of 2-deoxy ribose, Florentiev and coworkers105 
acetylated the secondary hydroxyl group prior to isolation of the tosylate. This is propably due to 
instability of the unprotected counterpart.108  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                            
102  For a comprehensive review of hydroxyl groups via oxyphosphonium intermediates see: Castro, B. R.  
       Org. React. 1983, 29, 1-162. 
103  a) Hanessian, S.; Ponpipom, M. M.; Lavallee, P. Carbohydr. Res. 1972, 24, 45-56, b) Anisuzzaman, A.  
      K. M.; Whistler, R. L. Carbohydr. Chem. 1978, 61, 511-518, c) Garegg, P. J.; Johansson, R.; Ortega, C.;  
      Samuelson, B. J. Chem. Soc., Perkin. Trans. 1 1982, 681-683, d) Leon-Ruaud, P.; Plusquellec, D.  
      Tetrahedon 1991, 47, 5185-5192.  
104  Removal of triphenylphosphine oxide can often only be accomplished by using reverse phase  
      chromatography. 
105  Mikhailov, S. N.; Kolobushkina, L. I.; Kritzyn, A. M.; Florentiev, V. L. Tetrahedron 1976, 32, 2409-2415.  
106  Hanessian, S.; Moralioglu, E. Can. J. Chem. 1972, 50, 233-245. 
107  Kobori, Y.; Myles, D. C.; Whitesides, G. M. J. Org. Chem. 1992, 57, 5899-5907. 
108  We have observed a dramatical reduced yield (41%) for the isolation of the unprotected tosylate (see  
      scheme 4.2, vide infra). 
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Table 4.1 Regioselective tosylation at the primary position in unprotected methyl furanosides, a) protection 
of the hydroxyl group was carried out prior to isolation of the tosylate. 
 
4.3 Preliminary Experiments  Synthesis of Triethylsilyl Protected Methyl      
ω-Iodoglycosides 
In 2000, Hyldtoft109 introduced a novel one-pot synthesis of triethylsilyl protected methyl              
ω-iodoglycosides starting from the respective methyl glycosides (results shown in scheme 4.1). 
This methodology utilizes trihalobenzenesulfonyl chlorides, which was first described by Guthrie 
and Thang,110 but it has never been applied in carbohydrate chemistry. These novel sulfonylation 
reagents have been shown to be approximately 30 times better leaving groups than              
p-toluenesulfonate ester.110 Furthermore, the steric bulk imposed by the halides in ortho positions 
should also make them very regioselective.110 On the basis of this, it was demonstrated that 
regioselective sulfonylation of the primary hydroxyl group of a range of different methyl glycosides 
could be accomplished in anhydrous pyridine at 15 °C. Adding anhydrous sodium iodide and 
heating the reaction mixture to 40-45 °C allowed a clean conversion to the corresponding iodides. 
The pyranosides were then isolated, whereas the furanosides were subsequent triethylsilyl 
protected prior to isolation. The used batch of furanosides was a crude mixture of α,β-furanosides 
                                            
109  Hyldtoft, L. Zinc-Mediated Fragmentation of ω-Iodoglycosides: A New Route to Functionalised  
     Carbocycles, Ph.D. thesis, chapter 2, Technical  University of Denmark, 2000.  
110  Guthrie, R. D.; Thang, S. Aust. J. Chem. 1987, 40, 2133-2136. 
OH
O
OH
OMe
RO
O
TsO
OMe
Ac
a
83% 105
106
OHOH
O
OH
OMe
ORRO
O
TsO
OMe
H 40%
107
OHOH
O
OH
OMe
ORRO
O
TsO
OMe
H 79%
1
2
3
Entry Substrate Product R Yield Ref.
  52 
and α,β-pyranosides. As seen in scheme 4.1, this gave access to the ω-iodoglycosides in good 
overall yields (52-80%).109 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.1 One-pot synthesis of methyl ω-iodoglycosides, a) RCl, anhydrous pyridine, -15 °C to rt, 5h, 
then NaI, 45 °C, 1h, b) TBrCl, anhydrous pyridine, -15 °C to rt, 2.5h, then NaI, 40 °C, 1h, then TESCl, 
Na2S2O5, rt, overnight.  
 
The one-pot transformation could not be utilized for synthesis of methyl 6-iodogalactopyranoside 
and triethylsilyl protected 5-iodoxylofuranoside due to intramolecular anhydride formation under the 
basic conditions.  
OOH
OH
OH
OH
OMe
a
OI
OH
OH
OH
OMe OOH
OH
OH
OR
OMe
+
α-D-gluco R = TBr 80% 1.5%
R = TCl 66% 8.8%
α-D-m anno R = TBr 68% <1%
R = TCl 66% <1%
O
R'OH
OH OMe
R' = OH, H
b O
R'TESO
I OMe
R' = OTES, H
Pyranosides:
Furanosides:
D-ribo 71%
D-arabino 65%
2-deoxy-D-ribo 52%
Br
Br
Br
SO2Cl Cl
Cl
Cl
SO2Cl= TBrCl = TClCl
  53
The highest regioselectivity was observed when tribromobenzenesulfonyl chloride (TBrCl) was 
employed (scheme 4.1, upper part). However, trichlorobenzenesulfonyl chloride (TClCl) gave 
almost the same results. The observed regioselectivities on methyl α-D-glucopyranoside were 
significantly better than with the use of p-toluenesulfonyl chloride.97 Both sulfonylation reagents are 
crystalline (mp. TBrCl ~ 64 °C and TClCl ~ 40 °C) and prepared by heating the corresponding 
trihalobenzene with chlorosulfonic acid.110  
 
The triethylsilyl protected methyl 2,5-dideoxy-5-iodo-α,β-D-ribofuranoside 132 has also been 
prepared by a step-wise protocol (see scheme 4.2).111 The methyl 2-deoxy-α,β-D-ribofuranoside 
132 was regioselective tosylated in pyridine at 0 °C for 4 hours and afforded 133 in 41% yield after 
flash chromatography. This modest yield is probably due to instability of the tosylate 133. 
Introduction of iodide with reaction of tosylate 133 with NaI in refluxing ethylmethyl ketone gave the 
desired iodide 134 in 68% yield,112 which was subsequent triethylsilyl protected. The overall yield 
of this three-step protocol was 18%, which makes it inconvenient for standard synthesis of starting 
material for our purposes (see chapter 5).  However, Hyldtoft109 obtained a yield of 52% for the 
same substrate in the novel one-pot procedure.  
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.2 Three-step synthesis of triethylsilyl protected 5-iodo-2-deoxy-ribose, a) TsCl, anhydrous 
pyridine, N2, 0 °C, 4h, b) NaI, ethylmethylketone, 1d, c) TESCl, anhydrous pyridine, 0 °C, 2h.  
 
 
                                            
111  Work by author of this thesis. 
112  Aly, Y. L., Abdel-Megied, A. E.-S.; Pedersen, E. B.; Nielsen, C. Liebigs. Ann. Chem. 1992, 127-129. 
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4.4 Objective of Project 
On basis of above described results, the objective of this work was to evaluate the yields of α- 
and/or β-furanosides as substrates for this novel one-step transformation.113  
 
4.5 Results and Discussion 
4.5.1 Fischer Glycosylation 
The methyl pentofuranosides were obtained from a standard Fischer glycosylation by stirring the 
pentoses in anhydrous methanol in the presence of a catalytic amount of acetyl chloride at 0-5 °C 
followed by neutralization using a basic ion-exchange resin (Amberlite IR-420). However, the 
method was slightly changed for 2-deoxy-D-ribose. Literature procedures105,114 gave significant 
amounts of the undesirable methyl pyranosides. However, these could be avoided by performing 
the Fischer glycosylation at 15 °C in 75 minutes.115 
 
4.5.2 Separation of α- and β-Pentofuranosides 
Unlike methyl hexopyranosides, methyl pentofuranosides are not commercial available and have to 
be separated via the protected adducts (see scheme 4.3). 
  
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.3 Strategy for separation of α-and β-pentofuranosides via protection group manipulation, PG = 
protection group. 
 
 
                                            
113  The work by Hyldtoft (ref 109) utilized a mixture of α,β-furanosides and α,β-pyranosides. 
114  Motawia, M. S.; Pedersen, E. B. Liebigs. Ann. Chem. 1990, 599-602. 
115  The optimerization was done in collaboration with Lene Hyldtoft. 
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The anomeric mixture of methyl 2-deoxy-ribofuranoside 132 was treated with benzoyl chloride in 
anhydrous pyridine at room temperature to give the bis-benzoylated furanosides 136αβ and a tris-
benzoylated pyranoside 137.116,117 At this point, the α-anomer and β-anomer could be separated 
via repeated flash chromatography in a combined yield of 81% in almost equal amounts. The 
stereochemistry was determined by measurements of optical rotation: α-anomer [α]D23 = +90.2 (c 
3.76, CHCl3) (lit. [α]D = +88 or +94.9 °) and β-anomer [α]D22 = -26.6 (c 0.63, CHCl3) (lit. [α]D = - 
22).116 The bis-benzoylated α-anomer 136α was then deprotected by stirring in NaOMe/MeOH to 
give  2-deoxy-α-ribofuranoside 132α in 87% yield (see scheme 4.4). 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.4 Separation of the α- and β-anomer of methyl 2-deoxy-ribofuranoside via protection with 
benzoyl groups, a) BzCl, anhydrous pyridine, rt overnight, b) NaOMe/MeOH, rt, overnight. 
 
 
According to method described above the α- and β-anomer of methyl arabinofuranoside 138 were 
also separated by first synthesizing the corresponding tris-benzoylated methyl furanosides 139αβ 
from which the α-anomer 139α could be crystallized in a yield of 38% (mp. 98-101 °C, lit. 101-103 
°C).118 The β-anomer 139β could be isolated using flash chromatograph on the concentrated 
filtrate in a yield of 34%. Analysis of the optical rotation of 139α verified the given stereochemistry: 
[α]D22 = -19.4 (c, 1.02, CHCl3) (lit. [α]D = -19.5 or 19.1).118 The methyl α-D-arabinofuranoside 138α 
was obtained in a yield of 90% after standard deprotection with NaOMe/MeOH (see scheme 4.5).
  
                                            
116  a) Marritott, D. P.; Bantick, J. R. Tetrahedron Lett. 1981, 22, 3657-3658, b) Fronza, G.; Fuganti, C.;  
      Grasselli, P.; Servi, S. Tetrahedron Lett. 1985, 26, 4961-4964. 
117  The tribenzoylated pyranoside results from minor amount of unreacted 2-deoxy ribose from the Fischer  
      glycosylation. 
118  a) Wright, R. S. Khorana, H. G. J. Am. Chem. Soc. 1958, 80, 1994-1998, b) Ness, R. K.; Fletcher, H. G.  
     J. Am. Chem. Soc. 1958, 80, 2007-2010 
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Scheme 4.5 Separation of the α-anomer from the β-anomer of the methyl arabinofuranside via crystallation 
of the tris-benzoylated methyl arabinofuranoside, a) BzCl, anhydrous pyridine, 0-5 °C, overnight,                  
b) NaOMe/MeOH, rt, overnight. 
 
  
Literature procedures119 provided the tris-benzoylated anomeric mixture of methyl ribofuranoside 
141. However, in spite of successive attempts of separation of these two anomers 141α and 141β 
by both flash chromatography and crystallization, it was not possible to separate 141α from 141β. 
However, by shifting the protection group from benzoyl to p-nitrobenzoyl, the β-anomer 142β could 
now be crystallized from the crude material in a yield of 60% (mp. 165-166 °C, lit. 169.5-            
170 °C).120,121 The stereochemistry was verified by optical rotation: [α]D25 = +80.0 (c 1.02, CHCl3) 
(lit. [α]D = +79.7).121 Stirring the nitrobenzoylated 142β with NaOMe/MeOH gave the deprotected 
methyl β-D-ribofuranoside 140β in a yield of 86% (see scheme 4.6).    
 
 
    
 
          
Scheme 4.6 The β-anomer of the methyl ribofuranoside was obtained by crystallation of the                       
p-nitrobenzoylated compound followed by deprotection, a) p-O2NBzCl, anhydrous pyridine/CHCl3 (3:1),        
0 °C-rt overnight, b) NaOMe/MeOH, rt, overnight.    
                                            
119  a) Ishido, Y.; Sakairi, N.; Sekiya, M.; Nakazaki, N. Carbohydr. Res. 1981, 97, 51-79, b) Chanteloup, L.;  
      Beau, J.-M. Tetrahedron Lett. 1992, 33, 5347-5350, c) Sekine T.; Kawashima, E.; Ishido, Y. Tetrahedron  
      Lett. 1996, 37, 7757-7760. 
120  Master of Science, chemical engineer Malene R. Jørgensen (MRJ) initially performed the synthesis of p- 
      nitrobenzoylated ribofuranoside and the following deprotection. Removal of p-nitrobenzoyl groups can be  
      accomplished by treatment with NaOH (aq.), however MRJ found that sodium salts complicated the  
      work-up. 
121  El Khadem, H. S.; Audichya, T. D.; Niemeyer, D. A.; Kloss, J. Carbohydr. Res. 1976, 47, 233-240. 
OHOH
O
OH
OMe O OMe
BzO
BzO OBz
O OMe
BzO
BzO
OBz
a
+
Cryst. 38% 34%
b
OHOH
O
OH
OMe
(90%)
138 139α 139β
138α
-pp-
p-
OHOH
O
OH
OMe O OMe
O2NBzO
O2NBzO
OBzNO2
a
Cryst. 60%
b
OHOH
O
OH
OMe
86%
140 142β 140β
  57
In spite of several attempts of separating the anomers of both the tris-benzoylated and the tris-p-
nitrobenzoylated methyl xylofuranoside, it proved unsuccessful.122 In light of this and that the 
methyl α,β-D-xylofuranosides were not compatible with the basic reaction conditions for the novel 
sulfonylation protocol, separation of the anomers and the evaluation of these as substrates in the 
one-pot sequence was not pursued.  
 
4.5.3 One-Pot Sulfonylation Protocol  Initial Experiments 
Having the anomeric pure methyl pentofuransides in hand, they were then tried out as substrates 
in one-pot synthesis of triethylsilyl protected methyl 5-deoxy-5-iodopentofuranosides according to 
the procedure described by Hyldtoft.109 However, regardless of numerous attempts under 
vigorously anhydrous conditions, the experiments proved unsuccessful.  In order to get a full 
conversion of the substrate into the triethylsilyl protected methyl 5-deoxy-5-iodopentofuranoside, 
two major factors play a role: first of all a clean sulfonylation has to be ensured, secondly, full 
conversion of the sulfonylated product into the iodide without any contaminate regeneration of the 
hydroxyl group also need to be fulfilled. Otherwise, the subsequent silylprotection will on reaction 
with a mixture of 5-deoxy-5-iodopentofuranoside (e.g. 144α) and the 5-hydroxypentofuranoside 
(e.g. 138α) give an inseparable mixture of the corresponding polysilylated compounds (e.g. 145α 
and 146α) (see scheme 4.7)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.7 Probing the described sulfonylation protocol on the anomeric pure methyl pentofuranoside 
(here arabino) gave an inseparable mixture of the polysilylated 145α and 146α, a) TBrCl or TClCl in 
anhydrous pyridine 15 °C to rt, 2.5h b) then anhydrous NaI, 40 °C, 1.5h, c) then filtration of salt into a 
suspension of anhydrous Na2S2O5 and TESCl in anhydrous pyridine, rt, overnight. 
                                            
122  In collaboration with master of science, chemical engineer Malene R. Jørgensen. 
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Clean sulfonylation can be ensured by adding an excess of the sulfonylating reagent (TBrCl or 
TClCl), and analyze the reaction mixture carefully by either TLC or sweep-off 13C NMR from which 
a significant down field shift is observed for the C-5.  
 
When anhydrous sodium iodide was introduced to the reaction mixture containing C-5 sulfonylated 
pentofuranoside, an instantaneous formation of iodine was observed. The formation of iodine can 
be explained from reaction of excess sulfonylating reagent with iodide (see scheme 4.8). The 
presence of iodine was destructive and led to partly desulfonylation hereby giving a mixture of          
5-deoxy-5-iodopentofuranoside and 5-hydroxypentofuranoside.  
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.8 Reaction of an excess of sulfonylating reagent (TBrCl or TClCl) with sodium iodide led to 
formation of iodine. 
 
 
Scanvenging of iodine was attempted by introduction of anhydrous Na2S2O5,123 but it proved 
unsuccessful. Instead, focus was chanced to find a convenient way in which the excess of 
sulfonylating reagent could be quenched under anhydrous conditions.124,125 In mixtures of 
sulfonylating reagent and sodium iodide in anhydrous pyridine, formation of iodine was absent with 
the presence of either acetone or DMF, whereas instantaneous iodine coloration was observed for 
reaction mixtures without added co-solvent. Both acetone and DMF was capable of quenching the 
sulfonylating reagent. This is probably due to the formation of an adduct
                                            
123  Synthesis of a more soluble tetra-butylammonium salt was also attempted, but it was unsuccessful. 
124  These quenching experiments were performed in collaboration with master of science, chemical engineer  
      Malene R. Jørgensen. 
125  Quenching with H2O will lead to desulfonylation. 
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 that was not reactive towards the subsequent addition of sodium iodide (see scheme 4.9).126 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.9 Reaction of sulfonylating reagent with either DMF or acetone probably leads to formation of 
adducts, which are inreactive towards iodide.  
 
 
4.5.4 One-Pot Sulfonylation Protocol  Final Results 
On basis of the observations from the preliminary experiments a modified sulfonylation protocol 
was applied for one-pot synthesis of triethylsilyl protected methyl 5-deoxy-5-iodopentofuranosides. 
The 2,4,6-trichlorobenzenesulfonyl chloride (TClCl) was chosen as reagent for three reasons. First, 
the observed minimal difference in regioselectivities between TClCl and TBrCl for sulfonylation of 
hexopyranosides, secondly because it is easier to prepare and handle, and finally 1,3,5-
trichlorobenzene is approximately 10 times cheaper than the tribromo counterpart. Anhydrous DMF 
was chosen as additive because the water content could be measured conveniently.127 
Sulfonylation was carried out in anhydrous pyridine at 15 °C with the use of 1.3-1.4 eq. of TClCl 
for 1.5h followed by stirring at room temperature for an additional 1h to insure full conversion of the 
primary hydroxyl group. Then anhydrous DMF was added so the solvent mixture was in a ratio of 
5:1 (pyridine/DMF), and excess of sulfonylating reagent was quenched by stirring at room 
temperature for 15 min. Anhydrous sodium iodide was subsequent added and the reaction mixture 
was stirred for 1.5h at 40 °C. The final silylation with triethylsilyl chloride was performed at 0 °C to 
                                            
126  N,N-Dimethylamination of acid chlorides with DMF has recently been described, see: Lee, W. S.; Park,  
      K. H.; Yoon, Y.-J. Synth. Commun. 2000, 30, 4241-4245. 
127  Contents of water in DMF was measured by Carl Fischer titration to approximately 13-15 ppm. Acetone  
      is not compatible with the titration conditions.  
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rt overnight. By this method, the triethylsilyl protected methyl 5-deoxy-5-iodopentofuranosides of 
arabinose, 2-deoxy-ribose and ribose could be obtained in 30-53% yield (see scheme 4.10).  
 
 
 
 
 
 
 
 
 
 
Scheme 4.10 Results of modified one-pot synthesis of triethylsilyl protected methyl 5-deoxy-5-
iodopentofuranosides, a) TClCl (1.3-1.5 eq.), anhydrous pyridine, -15 °C to rt, 2.5h, then anhydrous DMF, rt, 
15 min, then anhydrous NaI, 40 °C, then TESCl (5 eq.), 0 °C to rt overnight. 
 
 
For all three pentofuranosides the yield was lower than those obtained by Hyldtoft,109 who used the 
slighty more regioselective TBrCl (see scheme 4.1). However, the obtained yield (48%) for 2-
deoxy-α-D-ribose (product 135α) is almost identical for the yield (52%) of the anomeric mixture by 
the Hyldtoft procedure, which again is significant higher than for a traditionally three-step protocol 
(see scheme 4.2, overall yield 18%). The higher concentration of sulfonylating reagent that 
ensured full conversion of the primary hydroxyl group also induced the risk of undesirable 
sulfonylation of secondary hydroxyl groups. For β-D-ribo, a significant amount (15%) of the 3-O-
sulfonylated iodide 148 could be isolated after the course of the reaction.  This has not been 
observed with the use of 2,4,6-tribromobenzenesulfonyl chloride.109 
 
It was also desirable to use this novel sulfonylation protocol for synthesis of unprotected 5-deoxy-
5-iodopentofuranosides. These can be formed via displacement of oxyphosphonium intermediates, 
but the isolation is hampered by the presence of triphenylphosphine oxide.102-104 However, our 
methodology would give a more facile purification. The described method above was again applied 
for all three pentofuranosides 132α, 138α, and 140β. Extractive work-up of the 5-deoxy-5-iodo 
pentofuranosides was tedious due a high concentration of DMF (pyridine/DMF 5:1, v/v). By 
lowering the concentration of DMF to 2% (v/v, pyridine/DMF), it was still possible to quench the 
excess of sulfonylating reagent and facilitate an aqueous work-up. Sulfonylation of methyl α-D-
O
R'OH
OH OMe
R' = OH, H
a O
R'TESO
I OMe
R' = OTES, H
β-D-ribo, 140β 30%   
α-D-arabino, 138α 53%
2-deoxy-α-D-ribo, 132α 48%
(147β)
(145α)
(135α)
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arabinofuranoside 138α and subsequent introduction of iodide afforded the desired product 144α 
in 57% yield after flash chromatography (see scheme 4.11).   
 
 
 
 
 
 
Scheme 4.11 Synthesis of methyl 5-deoxy-5-iodo-α-D-arabinofuranoside 144α, a) TClCl (1.4 eq.), 
anhydrous pyridine, -15 ° to rt, 3h, then anhydrous DMF, rt, 15 min, then anhydrous sodium iodide (3 eq.), 40 
°C, 1.5h. 
 
 
However extending the protocol to the 2-deoxy-α-D-ribofuranoside 132α and β-D-ribofuranoside 
140β proved unsuccessful.  In both cases, 3-O-sulfonylated products co-eluted with the desired 
iodides by purification via flash chromatography. Furthermore, it shall be noted that the 
unprotected methyl 5-deoxy-5-iodo-pentofuranosides are all unstable on silica gel and on standing 
at room temperature. 
 
4.6 Concluding Remarks 
The novel sulfonylation protocol with the given reaction conditions introduced by Hyldtoft109 was 
not reproducible. This led to a modified reaction sequence in which all steps were made in the 
same reaction flask without intermediate inert filtration of salts.109 Applying this protocol with the 
use of 2,4,6-trichlorobenzenesulfonyl chloride (TClCl) to methyl α- or β-pentofuranosides resulted 
in one-pot synthesis of triethylsilyl protected methyl 5-deoxy-5-iodopentofuranosides in modest to 
good yields. However, the regioselectivity of TClCl was not sufficient and resulted in significant 
amounts of the 3-O-sulfonylated adducts. Isolation of unprotected methyl 5-deoxy-5-
iodopentofuranosides was only possible for α-D-arabino.  
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Chapter 5 
 
  
Carbohydrate Based Enynes From        
a Novel Zinc-Mediated Tandem Reaction 
 
5.1 Introduction 
This chapter will describe the synthesis of 1,6- and 1,7-enynes starting from methyl 5-deoxy-5-
iodo-D-pentofuranosides via a novel zinc-mediated tandem reaction. The 5-iodofuranosides are 
reductively ring-opened in the course of a Bernet-Vasella fragmentation6 leading to an unsaturated 
aldehyde followed by either propargylation- or ethynylation protocols from which the enynes 
emerge.  
 
The work in this chapter is published as a communication in 1999,5a and is included in a full 
paper128 covering the results from chapter 5, chapter 6, and chapter 7. 
 
5.2 Zinc-Mediated Fragmentation of ω-Iodoglycosides  
5.2.1 Fragmentation-Allylation 
In the years from 1997-2000, Hyldtoft and Madsen5,55b established the zinc-mediated 
fragmentation-allylations procedures of methyl ω-iodo glycosides. In this work, densely 
functionalized dienes were formed in good yields (54-100%) with modest to excellent 
diastereomeric ratios (d.r. 2:1 - 1:0). Zinc played a dual role in first mediating the reductive 
fragmentation of the iodoglycoside, and secondly by activating the alkylating reagent. This novel 
domino reaction involved three elements: formation of a carbon-carbon double bond, a carbon-
carbon single bond, and a new stereo center (see scheme 5.1).  
 
 
                                            
128  Poulsen, C. S.; Madsen, R. Carbohydrate Carbocyclization by a Zinc-Mediated Tandem Reaction and  
     Ring-Closing Enyne Metathesis, submitted.  
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Scheme 5.1 Zinc-mediated fragmentation-allylation of ω-iodo glycosides. 
 
The transformation of the glycoside into the unsaturated aldehyde is mediated by insertion of zinc 
in the Csp3-halogen bond followed by a reductive ring-opening (Bernet-Vasella fragmentation).6 
The reductive fragmentation of various ω-haloglycosides has previously been reviewed in 
details,55b for which the reader is referred to for further information. In addition, different metals (Zn, 
In, Sn, Bi, Sb) have recently been studies as mediators of fragmentation of ω-iodopyranosides. 
This revealed that zinc is the metal of choice, and solvent mixtures of THF/H2O is preferable to 
anhydrous THF with Lewis acids (e.g. TMSCl) in mediating the fragmentation. 
 
5.2.2 Interception With Benzylamine  
The liberated aldehyde from the reductive ring-opening of ω-iodoglycosides can be intercepted 
with benzyl amine followed by allylation of the generated imine (see scheme 5.2).5,55b,129,130 
Generally, this protocol is carried out in anhydrous THF with a slow addition of the alkylating agent 
in order to ensure imine formation and prevent alkylation of the intermediate aldehyde.5,55b For 
glycopyranosides, the sequence is carried out in a one-pot step-wise fashion, where the individual 
steps are monitored by TLC.129  
 
Versatile introduction of imino functionalities are often of great importance for further natural 
product synthesis (see also chapter 1). Two different groups have utilized this method for 
conversion of methyl 6-deoxy-6-iodo-α-D-glycopyranosides into enantiopure Calystegines.129,130 
 
  
 
 
 
                                            
129  Skaanderup, P. R.; Madsen, R. Chem. Commun. 2001, 1106-1107. 
130  Boyer, F.-D.; Hanna, I. Tetrahedron Lett. 2001, 42, 1275-1277. 
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Scheme 5.2 Previous results of interception with benzylamine and allylation of the in situ generated imines. 
  
 
Very limited reports concern the aspect of propargylation of imines. Moreau and Gaudemar131 have 
performed propargylation on alkyl imines with three different propargyl metal species (Al, Mg, and 
Zn). The reactions were performed in diethyl ether or THF with yields ranging from 36  62%. The 
other example is propargylation of α-iminoesters (RN=CHCOOR) with either the organozinc or 
organoalumina specie (20-70% yields).132  To my knowledge, this has not been extended to 
propargylation of imines originating from carbohydrates. 
 
5.3 Objective of Project 
It was envisioned that the zinc-promoted domino reaction5,55b also could be employed for the 
formation of highly functionalized enynes (see scheme 5.3). It was not necessarily an easy task, 
since propargylation reactions in general is less facile than the corresponding allylation reactions.  
In this regard, mixtures of propargylic and allenic adducts were expected based on literature 
examples as discussed in chapter 2. The goal was first of all to set up a general synthetic strategy, 
which would provide hydroxy-functionalized enynes in an efficient one-pot reaction. At the launch 
of the project and until now, there has been no other reports of an one-pot synthesis of hydroxy-
functionalized  enynes.  
                                            
131  Moreau, J.-L.; Gaudemar, M. Bull. Soc. Chim. Fr. 1973, 2549-2554. 
132  Courtois, G.; Miginiac, L. J. Organomet. Chem. 1989, 376, 235-243. 
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Scheme 5.3 The objective of the enyne project. 
 
5.4 Synthesis of 1,7-Enynes 
5.4.1 Preliminary Results and Attempts of Optimization 
In general, the reported zinc-mediated domino reactions were carried out in a sonication bath 
under inert atmosphere. Ultrasonication is now widely used in organometallic transformations133 
and is known to enhance Barbier reactions134 and activate the Zn surface for further reactions.135 
The source of zinc is essential for zinc promoted reactions.26 In the zinc-mediated tandem reaction 
HCl activated zinc dust has been applied.  
 
With the general reaction conditions for the domino reaction in hand,5,55b we decided to probe the 
zinc-mediated reaction with propargyl bromide on isopropylidene 5-iodo-ribofuranoside 53.58 It was 
soon realized that the mode of addition of the alkynylating reagent played an important role. Direct 
addition at the start of the reaction gave only a modest 37% yield of the desired enynes 154 
together with unreacted aldehyde 155 and its acetals 156. This is probably due to Wurtz coupling 
of the highly reactive propargylic zinc species. However, shifting to a dropwise addition of 
propargyl bromide over 5 hours by syringe pump improved the yield remarkably to 73% with an 
excellent 9:1 diastereomeric ratio (vide infra)136 and with no remaining unreacted aldehyde. Using 
propargyl chloride as a less reactive reagent in an attempt to diminish the suspected competing 
Wurtz coupling, we observed a lower yield (50%) of the desired enynes 154. 
 
 
 
 
                                            
133  For a review see: Mason, T. J. Chem. Soc. Rev. 1997, 26, 443-451. 
134  Souza-Barboza, J. C.; Pétrier, C.; Luche, J.-L. J. Org. Chem. 1988, 53, 1212-1218 
135  Suslick, K. S.; Doktycz, S. J. J. Am. Chem. Soc. 1989, 111, 2342-2344. 
136  See section 5.6; α/β based on 13C NMR. 
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Scheme 5.4 Observed products from the zinc-mediated tandem reaction. 
 
Several different strategies were involved to improve the yield even further for the tandem reaction 
of 53. It has previously been reported that anhydrous conditions with an added Lewis acid to 
promote the reaction worked very well with a number of alkylating reagents.5,55b But carrying out 
the reaction in anhydrous THF with added MgBr2·OEt2 led mainly to decomposition.  
 
Additional studies of 53 and other D-pentofuranosides showed a general pattern of instability of the 
enynes towards acidic conditions. As a consequence of this, numerous experiments were 
conducted with added triethylamine. Earlier studies had revealed that triethylamine could be 
introduced in the aqueous tandem reaction although it led to a decrease in the rate of the overall 
transformation.5,55b  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.1 The influence of triethylamine on the yield and diastereomeric ratio (α/β) of 154 in the 
fragmentation-propargylation of ribofuranoside 53. 
O O
O
I
OMe Br
O O
OH
53 154
5 equiv.
Zn, THF/H2O (2:1), Et3N
    Ar, 40 °C, 6 hours
  Entry               Et3N                        Product(s)                         α / β
1                    none                      73% enynes                         
2                0.25 equiv.                75% enynes                         
3                0.5   equiv.                81% enynes                          
4                1.0   equiv.                75% enynes                          
5                2.0   equiv.                15%  S.M. +                           
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As shown in table 5.1, the addition of 0.5 eq. of triethylamine did cause a slight improvement in the 
yield of 154 (from 73% to 81%) with no change in the diastereomeric ratio (α/β). However, 
increasing the amount of base to 2 eq. was detrimental to the activity of the reaction and led to a 
mixture of unreacted aldehyde 155 and enynes 154 together with 15% of the starting furanoside 
53.  
 
As result of these preliminary results, the following studies with pentofuranosides were carried out 
with dropwise addition of propargyl bromide in THF/H2O mixtures. 
 
5.4.2 Final Synthesis of Highly Functionalized 1,7-Enynes 
The initial studies on the ribofuranoside 53 were followed up by an investigation on a series of 
other 5-iodo-pentofuranosides (see table 5.2). In this regard, protected and unprotected versions of 
ribo-, xylo-, arabino-, and 2-deoxy ribose were subjected as interesting substrates for this novel 
transformation. Previously, these starting materials have also been applied to zinc-mediated 
fragmentation-allylation reactions with good success.5,55b 
 
As depicted in table 5.2, only protected pentofuranosides (53, 158,137 145, and 135) afforded 
stable 1,7-enynes, which could be isolated in good yields and with excellent to modest 
diastereomeric ratios (α/β). In general, the yields (56% - 81%) for the 1,7-enynes were lower than 
for the corresponding 1,7-dienes (yields 82% - quant.).5,55b This may be a consequence of their 
higher instability towards the reaction conditions. On the other hand, the diastereomeric ratios were 
slightly higher. Especially for the isopropylidene protected ribofuranoside, where α/β  = 9:1 
compared to α /β = 4:1 for the allylation reaction.  
 
Introducing triethylamine in tandem fragmentation-propargylation of the triethylsilylprotected 
xylofuranoside 158 could not transfer previous success with regard to improve the yield. As low as 
0.1 eq. of triethylamine resulted in a diminished yield (53% compared to 61% without any added 
triethylamine), and increasing to 0.5 eq. of triethylamine resulted only in isolation of the 
intermediate aldehyde in 48% yield. 
                                            
137  5-Iodopentofuranoside 158 was prepared by methanolysis of 159 followed by triethylsilyl protection, see:  
     a) Moravcová, J.; Čapková, J.; Staněk Carbohydr. Res. 1994, 263, 61-66, b) Moravcová, J.; Čapková, J;  
     Staněk; Raich, I. J. Carbohydr. Chem. 1997, 16, 1061-1073. 
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Table 5.2 Zinc-mediated fragmentation-propargylation of pentofuranosides, a) addition of 0.5 eq. Et3N, b) 
1.5 eq. HCl (aq.) was added to promote the fragmentation, c) α/β ratio estimated by 13C NMR. 
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Unprotected pentofuranosides (entries 3, 6, and 8) all led to unstable products that could not 
withstand reaction conditions and purification methods. The reductive ring-opening of 157138 with 
zinc proceeded smoothly5,55b as observed on TLC. None of the expected enynes could be isolated. 
This is due to either the absence of propargylation or more likely decomposition of the unprotected 
enynes. The same pattern was observed for the 2-deoxy ribose derivative 134. Acid activation (HCl 
(aq.)) is needed for a successful fragmentation of 1,2-isopropylidene xylofuranoside 159.137 These 
conditions are unfortunate as acid also promotes decomposition of the 1,7-enynes. As expected, it 
was not possible to isolate any products from the reaction mixture.  
 
Most importantly, it should be noticed that formation of allenes have never been observed in any of 
the performed experiments. This is surprising as previous propargylation reactions (see chapter 2) 
have often provided inseparable mixtures of propargylic and allenic adducts. For this, we do not 
have an exact explanation. As mentioned in chapter 2, it seems that the outcome of the 
propargylation reactions are highly influenced by the nature of the substrate. Only trace of allenic 
adducts has been observed from carbohydrate electrophiles, whereas electron-rich aldehydes give 
substantial amounts of allenes. The polar solvent (THF/H2O) may also be an important parameter 
in favoring acetylenes. On the other hand, it is plausible that allenes are indeed formed in the 
experiments in Table 5.2, but they are not stable under the reaction conditions. This would account 
for the slightly lower yields in these propargylation reactions as compared to the corresponding 
allylation reactions even though the reaction is a spot to spot conversion on TLC.5,55b 
 
5.4.3 Synthesis of 4-Amino-1,7-Enynes 
The conditions for the allylation of the imine 149 could not be straightforward transferred to our 
purposes of propargylation of the same imine substrate. Indeed, slow addition (over 6h) of 
propargyl bromide (5 eq.) to a suspension of the isopropylidene ribofuranoside 53, zinc, and 
benzylamine (2 eq.) in anhydrous THF did not accomplish any enynes. The only product, which 
could be isolated, was the reductive Wurtz homocoupling of the starting material to give 163 (see 
scheme 5.5). Robert-Géro et al.139 has previously observed this bis-adduct 163 with the use of 
zinc-iron couples. The added benzylamine had hindered the reductive ring-opening and instead 
the dimerized product 163 was obtained.  
  
 
                                            
138  5-Iodopentofuranoside 157 was prepared by acidic removal of the isopropylidene group in 53, see:  
      Anderson, R. J.; Dixon, R. M.; Golding, B. T. J. Organomet. Chem. 1992, 437, 227-237. 
139  Blanchard, P.; Da Silva, A. D.; El Kortbi, M. S.; Fourrey, J.-L., Robert-Géro, M. J. Org. Chem. 1993, 58,   
      6517-6519. 
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Scheme 5.5 Zinc-mediated homo-coupling of methyl 5-deoxy-5-iodo-ribofuranoside. 
 
To circumvent this problem, benzylamine was first added to the reaction mixture after 1-1.5 
hours.140 Two separate experiments were performed; in one the formed aldehyde was allowed to 
react with benzylamine for 1 hour, in the other experiment only for 15 min. This was then followed 
by a dropwise addition of propargyl bromide over 2 hours. From TLC, it was judged that after 
reaction with benzylamine one major product was formed. Upon subsequent reaction with 
propargyl bromide TLC analysis indicated formations of several products. Both reactions afforded 
complex mixtures after extractive work-up. 
  
In order to facilitate the reductive ring-opening, several attempts with added Lewis acid (ZnCl2 and 
TMSCl) were performed. The reactions were conducted in presence of benzylamine (5 eq. added 
from start) followed by a dropwise addition of propargyl bromide. In all cases, this led only to 
multicomponent mixtures. First of all, work-up of the reaction mixture141 (after 3 hours and no 
added alkylating agent) in one experiment resulted in no detection of imine. The Lewis acid did 
facilitate the ring-opening, but prevented imine formation. Secondly, the detectable products from 
flash chromatography (after a complete run of the reaction sequence) were a mixture of the Wurtz 
homocoupling 163 and what is believed to be N-propargylated benzyl amine. Alkylation of 
benzylamine with propargyl bromide is known from literature.142  
 
As a consequence of these results, it was decided to analyze the individual steps in the overall 
transformation thoroughly. In this regard, each step was worked up and analyzed by NMR. 
                                            
140  Normally, a 75% conversion of 53 is observed after 1.5 hours in presence of activated zinc in anhydrous  
      THF. 
141  Work-up procedure: filtration through celite followed by washing the celite with diethyl ether and  
      concentration of the organic phase in vacuo. 
142  a) Gordon, J. G.; Luker, T.; Tuckett, M.W.; Whitby, R. J. Tetrahedron 2000, 2113-2129, b) Trost, B. M.,  
      Romero, D. L.; Rise, F. J. Am. Chem. Soc.1994, 116, 4268-4278. 
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Fragmentation of the ribofuranoside 53 in THF/H2O (2:1)143 with activated zinc gave after extractive 
work-up the crude aldehyde 155. Interception of this aldehyde with benzylamine (3 eq.) in 
presence of 3Å molecular sieves in THF was accomplished after 2 hours at room temperature. 
Pre-activated zinc was added followed by dropwise addition of propargyl bromide (6 eq.) over 1.5 
hours. This procedure afforded the wanted 4-amino-1,7-enyne 164 as a single diastereomer144 
(vide infra) in 24% yield.  
  
 
 
 
 
Scheme 5.6 Step-by-step transformation of methyl 5-deoxy-5-iodo-ribofuranoside into amino 1,7-enyne. 
 
Introduction of triethylamine has previously been successful in improving the yield of the 
corresponding trihydroxylated 1,7-enyne 154. In order to evaluate the effect of triethylamine 
without hampering the reductive ring-opening and imine formation, the base was added to the 
reaction mixture just before the alkylating step in the reaction sequence.  With addition of 3 eq. of 
base it was possible to isolate the desired product 164 in 49% yield. Importantly, higher 
concentration of triethylamine (7 eq.) led to a slow reaction rate for the propargylation reaction 
resulting in a lower yield of the desired enyne (31%). 
 
On basis of these optimized conditions for the step-wise transformation, the following one-pot 
procedure was developed without isolation of intermediate components; ribofuranoside 53 was 
sonicated with zinc in THF for 30 min followed by addition of benzylamine (3 eq.) and continued 
sonication for further 2 hours. Triethylamine (3 eq.) was then added followed by a dropwise 
addition of propargyl bromide (9 eq.) over 2.5 hours with continued sonication. Satisfyingly, 
purification afforded the 4-amino-1,7-enyne 164 in a good 48% yield as a single diastereomer.144 
Notably, it was observed that introduction of 7 eq. of triethylamine lowered the yield to 
approximately 15%.   
 
 
                                            
143  It is generally found, that H2O is the mediator of choice for the fragmentation step. Furthermore, THF/H2O  
      provides an environment that stabilizes the labile aldehyde. 
144  Judged by 1H-NMR. 
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Scheme 5.7 One-pot synthesis of 1,7-amino-enyne 164, a) Zn, THF, sonication 40 °C, 30 min, then 
benzylamine (3 eq.), 2 h, then Et3N (3 eq.), and dropwise addition of propargyl bromide (9 eq.) over 2 h.   
 
5.5 Synthesis of 1,6-Enynes 
The objective of this part of the project was to evaluate whether it was possible to extend the 
strategies behind the tandem fragmentation-propargylation reaction to a corresponding 
ethynylation reaction. Hereby, highly functionalized 1,6-enynes would be formed. 
 
5.5.1 Preliminary Results With Ethynyl-Species as Reagents 
From the beginning of this part of the project, we wanted to explore different unsubstituted ethynyl-
species as alkynylating reagents. The aldehyde 155 was chosen as substrate in these reactions. 
We launched our search for a good ethynylation strategy by dropwise addition of commercial 
ethynylmagnesium bromide to a solution of the in situ generated aldehyde 155 in anhydrous THF 
(table 5.4, entry 1, vide infra).  This afforded a complex mixture from which the 1,6-enynes 165 
could be isolated in only 10% yield (α/β = 3:2).  
 
The preliminary experiment led us to focuse on zinc-mediated ethynylations. It was believed that 
undesired sidereactions by using Grignard reagents could be diminished by employing organozinc 
species. Very few reports are dealing with non-substituted ethynyl zinc species. For instance, 
divinyl zinc is frequently used as a vinylating reagent. On the other hand, it is not known whether 
diethynyl zinc exists, albeit ethynyl zinc halides are described145 and several examples of β-
substituted diethynyl organo zinc compounds has been applied.146 Negishi and coworkers145 report 
that it is possible to generate the ethynyl zinc halide from transmetallation of either 
ethynylmagnesium bromide, lithium acetylide, or sodium acetylide with anhydrous zinc chloride or 
                                            
145  a) Negishi, E.-I.; Kotora, M.; Xu, C. J. Org. Chem. 1997, 62, 8957-8960, b) Negishi, E.-I.; Xu, C.; Tan, Z.;  
      Kotora, M. Heterocycles 1997, 46, 209-214, c) Anastasia, L.; Negishi, E.-I. Org. Lett. 2001, 3, 3111-3113. 
146  a) Niwa, S.; Soai, K. J. Chem. Soc. Perkin Trans 1 1990, 937-943, b) Dabdoub, M. J.; Dabdoub, V. B.;  
      Marino, J. P. Tetrahedron Lett. 2000, 41, 437-440. 
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zinc bromide. Carreira and coworkers147 have performed diastereoselective ethynylations with the 
use of in situ generated ethynyl zinc triflate. This was performed by mixing an aldehyde, amine 
base, (+)- or (-)-N-methylephedrine, zinc triflate, and acetylene gas in a glass pressure-reaction 
tube at 40 °C and allowing it to reach room temperature. In the same paper, it was also 
speculated whether the ethynyl zinc triflate can form aggregates of the sterically unhindered 
metallated species derived from C2H2. There was a huge difference in reaction time (from hours to 
weeks) between substituted terminal acetylenes and C2H2, which was explained by the presence 
of unreactive aggregates.147,148 
  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.3 Attempts of zinc-mediated ethynylation reactions; a) reaction of freshly prepared 
ethynylmagnesium bromide. Entry 2, and 3: The aldehyde is cannulated into a solution of the reagent. Entry 
4, 5, and 6: The aldehyde is isolated by extraction. 
                                            
147  Sasaki, H.; Boyall, D.; Carreira, E. M. Helv. Chim. Acta 2001, 84, 964-971 
148  a) Frantz, D. E.; Fässler, R.; Carreira, E. M. J. Am. Chem. Soc. 1999, 121, 11245-11246, b) ) Frantz, D.  
      E.; Fässler, R.; Carreira, E. M. J. Am. Chem. Soc. 2000, 122, 1806-1807, c) Frantz, D. E.; Fässler, R.;   
      Tomooka, C. S.; Carreira, E. M. Acc. Chem. Res. 2000, 33, 373-381 
Entry Reagent
Conditions
Step A Step B
40 °C
complex
 mixture
complex
 mixture
complex
 mixturedirect addition
    to step A
O O
O
I
OMe
O O
O
O O
OR
+
O O
OR
Zn, THF, 
ZnCl2
Zn, THF, 
ZnCl2
Zn, THF, 
ZnCl2
Zn, THF/H2O
Zn, THF/H2O
Zn, THF/H2O
-78 °C rt complex mixture
1
2
3
4
5
6
2) acetylation
1) -78 °C rt
complex
 mixture
1) rt
2) acetylation
Tolunene,
 -50 °C rt
1)
2) acetylation
Conclusion
ZnBr
acetylated
  alcohol
THF, 
-50 °C rt
1)
2) acetylation
Step A Step B
Li
        +
 0.5 eq. ZnCl2
Li
        +
 0.5 eq. ZnCl2
MgBr
        +
 0.5 eq. ZnCl2
a
a
a
ZnOTf
ZnOTf
53 155 165 166
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With these informations in hand, we probed different ethynylzinc species: ≡-M + ZnCl2,149 ≡-
ZnBr,145a and ≡- ZnOTf.147 As seen in table 5.3, all attempts led to complex mixtures. However, in 
one example (with ethynylzinc bromide, entry 4) it was possible to isolate the reduced carbonyl 
product 166 as the main product after standard acetylation procedures. 
 
After these very disappointing results focus was again set on traditional Grignard conditions. 
Several experiments were performed, see table 5.4. Cannulation of the aldehyde directly into a 
solution of the freshly prepared ethynylmagnesium bromide in THF afforded successfully the 
desired 1,6-enynes with low diastereomeric ratios (α/β = 3:2)150 and in 26% yield. It was necessary 
to protect the enynes (with either an acetyl or a TBS group) before flash chromatography to avoid 
decompostion during purification.  The use of lithium acetylide provided a very complex mixture.  
 
Finally, cerium-mediated etynylations were tested. Organocerium reagents have in later years 
attracted greater interest151 as alternatives for the traditional Grignard and organolithium 
compounds. In general, organocerium compounds posses substantially lower basicity and greater 
nucleophilicity towards carbonyl compounds than the corresponding organomagnesium and 
organolithium reagents. Furthermore, organocerium reagents have a lower oxidation potential than 
e.g. organomagnesium compounds, which diminish the undesired reduction of the carbonyl 
electrophile.  
 
Triethynylcerium(III)  and ethynylcerium(III) chloride was prepared by the procedure described in 
the literature.41 The aldehyde 155 was isolated by extraction and added to the in situ prepared 
organocerium reagent at 78 °C. Neither reagents afforded the wanted product 165. The 
acetylated reduction product 166 was identified as the main product when ethynylcerium(III) 
chloride was employed as the alkynylating reagent. The triethynylcerium(III) specie afforded only a 
complex mixture. 
 
 
 
 
 
                                            
149  M equals either Li or Mg, see table 5.3. 
150  Diasteremeric ratio based by 13C NMR; stereoism of major isomer was accomplished via verification of  
      stereochemical outcome of the cerium-mediated TMS-ethynylation (vide infra) 
151  See review: Liu, H.-J.; Shia, K.-S.; Shang, X.; Zhu, B.-Y. Tetrahedron 1999, 55, 3803-3830 and   
      references cited in here. 
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O O
O
I
OMe
step A
O O
O
step B 
O O
OR
Entry Reagent
Conditions
Product(s) R Yield
Step A Step B
40 °C
complex
 mixture
complex
 mixture
direct addition
    to step A
H
Ac
Zn, THF 10%
Zn, THF,
TMSCl
Ac 26%
TBS 26%Zn, THF,
TMSCl
Zn, THF, 
    H2O
20%
Zn, THF, 
   ZnCl2
Zn, THF, 
    H2O
7
Zn, THF, 
    H2O
1,6-enyne
1,6-enyne
1,6-enyne
1,6-enyne
acetylated
   alcohol
1
2
3
4
5
6
b
MgBr
1) -78 °C rt
CeCl2
d
3Ce( )
d
2) acetylation
1) -78 °C rt
Ac
Ac
H
1) 0 °C rt
2) acetylation
2) silylation
Li
c
b
MgBr
b
MgBr
a
MgBr 3 : 2
3 : 2
3 : 2
3 : 2
1) -78 °C rt
2) acetylation
1) -78 °C rt
2) acetylation
1) 0 °C rt
O O
OR
+
165a 165b
α/ β
15553
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.4 Magnesium-, lithium-, and cerium-assisted ethynylation; a) commercial reagent, b) freshly 
prepared from ethylmagnesium bromide and acetylene, c) freshly prepared from n-BuLi and acetylene, and 
d) freshly prepared from ethynyl magnesium bromide and CeCl3. Entry 2, 3 and 5: The aldehyde is 
cannulated directed into a solution of the reagent. Entry 4, 6, and 7: The aldehyde is isolated by extraction.  
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5.5.2 TMS-Ethynylation  Successful Synthesis of 1,6-Enynes 
Trimethylsilyl acetylene is widely used in organometallic transformations, and was therefore also 
applied in our studies. Both TMS-ethynylmagnesium and TMS-ethynylcerium halide was employed 
as reagents.41 Table 5.5 summarizes the results from this work.  
 
As shown, it was indeed possible to perform a direct addition of TMS-ethynylmagnesium bromide 
to the in situ generated aldehyde 155 from the zinc-mediated fragmentation (entry 2). However, the 
yield was modest (30%). Standard acetylation before purification of the crude material (entry 3) 
revealed that the transformation was hampered by a competing reduction of the aldehyde 155.  
 
Cerium-mediated ethynylation should circumvent the undesired sidereaction, but direct addition of 
the organocerium specie was not successful (entry 4). Only trace of product 167αβ was observed 
together with a significant amount of the reduced carbonyl. This may be a consequence of a fast 
transmetallation to form the corresponding organozinc halide, which as noticed before (table 5.3 
and table 5.4) has low alkynylating reactivity.  
 
By removing the zinc salts via extractive work-up of the intermediare aldehyde 155, it was possible 
to synthesize the desired 1,6-enynes 167αβ in a very good 68% yield (α/β = 7:3, vide infra) via 
TMS-ethynylcerium(III) chloride.  
 
Finally, diethynyl-TMS zinc146a was also tested in a tandem fashion via direct addition to the in situ 
generated aldehyde 155 under sonication conditions. Generally, diorganozinc compounds are 
more reactive than their corresponding organozinc halides.26 However, as seen in entry 6 (table 
5.5), the yield was modest (29%) and with no observed diastereoselectivity (α/β = 1:1). 
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O O
O
I
OMe
step A
O O
O
step B 
O O
OR
TMS
Entry Reagent
Conditions
Product(s) R Yield
Step A Step B
H
Ac 35%
Zn, THF,
TMSCl
Ac
30%
Zn, THF,
TMSCl
68%
1,6-enyne
1,6-enyne
1,6-enyne
1,6-enyne
1
2
3
4
5
6
H
2) acetylation
7 : 3
7 : 3
O O
OR
TMS
+
167α 167β
α / β
a
MgBrTMS
a
MgBrTMS Zn, THF,TMSCl
Zn, THF,
TMSCl
Zn, THF,
TMSCl
Zn, THF,
TMSCl
40 °C
direct addition
    to step A
40 °C
direct addition
    to step A
40 °C
direct addition
    to step A
 0 °C rt
2) acetylation
H
H
11% (alc.)
8%(enyne)
28% (alc.)
       +
Ac-alcohol
    +
alcohol
1,6-enyne
CeCl2TMS
b
CeCl2TMS
b
1) 0 °C rt
a
MgBrTMS
40 °C, direct
addition to step A
1)
TMS( )2Zn
c
7 : 3
7 : 3
7 : 3
1,6-enyne 1 : 1 29%
43%(enyne)
53 155
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.5 Ethynylation via TMS-acetylene as reagent; a) freshly prepared from ethylmagnesium bromide 
and TMS-acetylene, b) freshly prepared from ethynylmagnesium bromide and cerium(III)chloride,                 
c) prepared by heating TMS-acetylene with diethylzinc. Entry 1: The aldehyde is added by cannulation into a 
solution of the reagent. Entry 5: The aldehyde is isolated by extraction. 
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5.6 The Stereochemical Outcome  
In most cases, the stereochemical outcome for the ethynylation and propargylation were 
determined after the enynes were converted into the corresponding dienes by hydrogenation in 
presence of Lindlar catalyst and unmasking of hydroxyl groups.152 These dienes has previously 
been prepared.5,55b The stereochemistry of the major isomer enyne 160β (from the xylose substrate 
158) was determined by transforming it into the known diene.5,55b The arabinose- (161αβ) and 
xylose-derived enynes (160αβ) are enantiomers and a direct comparison in NMR techniques was 
possible, which allow us to determine the stereochemical outcome for the tandem reaction of the 
arabinose substrate. Fragmentation-propargylation of 2-deoxy ribose afforded an inseparable 
diastereomeric mixture of 162αβ. This was subjected to desilylation followed by conversion into the 
known MEM-protected enynes. The major β-isomer could be isolated and stereochemistry was 
assigned from the known NMR data.51  
 
The stereochemical outcome of the propargylations with the ribose substrate 53 (α/β = 9:1), xylose 
substrate 158 (α/β = 7:3), and arabinose substrate 145 (α/β = 3:7) can all be rationalized by the 
predictions in the Felkin-Anh model35 with the following order of ligand preferences for the anti 
position: iPrO > R > H.153 Especially, propargylation of the imine 149 afforded only one 
diastereomer 164 (see figure 5.1).  
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Felkin-Anh model for diastereoselective additions to the C=NBn group in 149. The best 
trajectory for attack of a sp2 atom (carbonyl or imine) is 109.5 °C (the Bürgi-Dunitz trajectory154). 
 
                                            
152  See experimental, chapter 10. 
153  a) Lodge, E. P.; Heathcock, C. H. J. Am. Chem. Soc. 1987, 109, 2819-2820, b) Lodge, E. P.; Heathcock,  
      C. H. J. Am. Chem. Soc. 1987, 109, 3353-3361. 
154  Bürgi, H. B.; Dunitz, J. D.; Lehn, J. M. Tetrahedron 1974, 30, 1563-1572. 
Favoured Disfavoured
versus
H
NBn
H
R
Nu
109.5 °
H
NBnH
R
Nu
109.5 °
OiPrOiPr
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The tandem reaction of the 2-deoxy ribose afforded the enynes 162αβ in a good yield of 64% but 
with a low diastereoselectivity (α/β = 2:3). This can be explained by the lack of sterical hindrance in 
the substrate. Similar results for a TBS-protected 2-deoxy ribose have been obtained in another 
propargylation reaction.44a The major product 162β is though a very important key intermediate for 
the total synthesis of Vitamin D3, using the well-established Trost-Dumas carbo-palladation route.15 
In fact, all hydroxylated enynes in table 5.2 are useful for synthesis of Vitamin D3 analogues.14,54 
 
Ethynylation of ribose enal 155 gave by using non-substituted ethynylmagnesium bromide a 
diastereoselectivity of α/β = 3:2. However, utilizing TMS-ethynylmagnesium bromide or the TMS-
ethynylcerium chloride afforded a higher diastereoselectivity (α/β = 7:3). This may be a 
consequence of an increase in size of the nucleophile, which favours attack close to the smallest 
group (H) in the Felkin-Anh model (see e.g. figure 5.1). 
 
5.7 Concluding Remarks  
This chapter has presented a novel zinc-mediated tandem reaction. Fragmentation-propargylation 
of methyl 5-deoxy-5-iodo-D-pentofuranosides afforded highly functionalized 1,7-enynes in good 
yields and modest to excellent diastereoselectivities. Interception of the generated enal with benzyl 
amine opened the possibility for a diastereoselective propargylation and furnished the 1,7-enyne 
with an amino functionality in a satisfying yield. This protocol has demonstrated the first one-pot 
synthesis of 1,7-enynes. 
 
Extension of this strategy to one-pot synthesis of 1,6-enynes was problematic. Several different 
ethynylation protocols were tested and evaluated. Non-substituted ethynyl species were inefficient 
in providing the desired adduct in reasonable yield. The more user-friendly TMS-acetylene was 
then introduced. Traditional Grignard or Barbier reactions were hampered by undesirable reduction 
of the carbonyl. However, switching to a cerium-mediated reaction resulted in a successful 
synthesis of the 1,6-enynes in a very good 68% yield.    
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Chapter 6 
 
  
Carbohydrate Carbocyclization via        
Ring-Closing Enyne Metathesis 
 
6.1 Introduction 
The objective of this part of the enyne project was to find an efficient protocol for transition metal-
catalyzed carbocyclization of highly functionalized 1,6- and 1,7-enynes.   
 
The work in this chapter is included in a full paper manuscript128 covering the results from chapter 
5, chapter 6, and chapter 7. 
 
6.2 Two Types of Enyne Metathesis 
Enyne metathesis is a very interesting reaction, which occurs between an alkene and an 
alkyne.59,155 The transformation is mediated by a range of different transition metals (W, Mo, Cr, 
Pd, Pt, and Ru). There are two types of enyne metatheses: one is caused by [2+2] cycloaddition of 
a multiple bond and a transition metal carbene complex (type I), and the other is an oxidative 
cyclization reaction facilitated by low-valent transition metals (type II). Scheme 6.1 illustrates these 
two types of carbocyclizations which both afford a cyclic 1,3-diene as product.   
 
The well-known Grubbs ruthenium carbene complexes63,63 act as catalysts for ring-closing enyne 
metathesis via [2+2] cycloadditions. On the other hand, several different platinum and palladium 
complexes mediate the enyne ring-closure via the alternative mechanism.156  
 
 
 
 
 
                                            
155  See chapter 3 for a review of ruthenium carbene enyne metathesis 
156  For review see: Trost, B. M.; Krische, M. J. Synlett 1998, 1-16. 
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Both reaction types have been studied in our search for an efficient enyne carbocyclization of 
carbohydrate derivatives. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 6.1 Enyne metathesis can be accomplished via two different reaction types. 
 
 
6.3 Carbocyclization With Use of Low-Valent Transition Metal Complexes 
Murai and coworkers157 and recently also Inoue and coworkers158 have demonstrated the use of 
PtCl2, PtCl4, and [Ru(CO)3Cl2]2 (in the presence of CO) in mediating ring-closure of moderately 
functionalized 1,6- and 1,7-enynes into the corresponding 1-vinyl cycloalkenes. With these 
informations in hand we employed these metal-complexes in carbocyclization studies on the 
isopropylidene-protected enyne 154α. All complexes are insoluble in toluene at room temperature, 
so the reaction was carried out at elevated temperatures. As shown in table 6.1, these reaction 
conditions only led to decomposition of the starting material and any possible formed product.  
 
                                            
157  a) Chatani, N.; Furukawa, N.; Sakurai, H.; Murai, S. J. Am. Chem. Soc. 1994, 116, 6049-6050, b)    
      Chatani, N.; Furukawa, N.; Sakurai, H.; Murai, S. Organometallics 1996, 15, 901-903. 
158  Oi, S.; Tsukamoto, I.; Miyano, S.; Inoue, Y. Organometallics 2001, 20, 3704-3709.  
M
M
M
Reaction Type I
MLn
M
MLn
Reaction Type II
MLn
MLn
M
M
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Table 6.1 Attempts on carbocyclization of the isopropylidene-protected enyne 154α. 
 
 
Apparently, the isopropylidene protected 1,7-enyne 154α was not stable under these conditions. 
tert-Butyldimethylsilyl (TBS) was chosen as a suitable protection group for the free alcohol 
group.159  First of all, this blocking group is believed to be stable under the reaction conditions. 
Secondly, would the bulky protection group hopefully bring the unsaturated moieties into proximity 
due to the Thorpe-Ingold effect.160 By masking the hydroxyl group with a bulky protection group, 
the compound is forced to change its spatial arrangement due to sterically hindrance between the 
TBS-group and the isopropylidene group (see figure 6.1). In this context, the two unsaturated 
moieties are brought into closer vicinity. 
 
 
 
 
                                            
159  Incorporation of TBS-group can be accomplished on the crude material after enyne formation with the  
      use of TBS-triflate and lutidine in anhydrous CH2Cl2. Isolated yield was 57%. 
160  Beesley, R. M.; Ingold, C. K.; Thorpe, J. F. Chem. Soc. Rev, 1915, 107, 1080-1106. 
O O
OH
O
O
OH
1
2
3
4
PtCl2
PtCl4
[Ru(CO)3Cl2]2
[Ru(CO)3Cl2]2
toluene
toluene
toluene
toluene
N2
N2
CO
CO
80 °C
80 °C
80 °C
40 °C
decomposition
decomposition
decomposition
decomposition
Entry Catalyst Solvent Temp.Gas Conclusion
154α 168
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Figure 6.1 tert-Butyldimethylsilyl protection force the enyne to change its conformation due to sterically 
hindrance between the bulky silyl group and the isopropylidene group (Thorpe-Ingold effect). 
 
 
Numerous screening experiments were undertaken with the use of different organometallic 
complexes PtCl2, PtCl4, [Ru(CO)3Cl2]2, PtCl2(PhCN)2, PtCl2(CH3CN)2, PtCl2COD, [PtCl2(C2H4)]2 
(Zeises dimer), [Rh(CO)2Cl2]2, PdCl2(PhCN)2, PdCl2(CH3CN)2, and PdCl2(PPh3)2] under different 
reaction conditions: atmosphere (N2, Ar, and CO), temperature (rt → 70 °C), and solvents (toluene, 
THF, CH2Cl2, and 1,2-dichlorethane). None of the screening experiments161 were successful. 
Zeises dimer caused instantaneously decomposition of 169α already at room temperature. Other 
Pt(II) complexes PtCl2(PhCN)2, PtCl2(CH3CN)2, did not react at room temperature, and at higher 
temperature (50 °C) only decomposition of 169α was observed. A variety of the other complexes 
did not react with 169α at 50 °C, including PtCl2COD, [Rh(CO)2Cl2]2, PdCl2(PhCN)2, and 
PdCl2(PPh3)2. These very disappointing results shifted our attention towards the metal carbene 
complexes in a search for an efficient carbocyclization protocol. 
 
6.4 Carbocyclization of 1,7-Enynes via Ruthenium Carbene Catalysis 
Ruthenium-carbene catalyzed enyne carbocyclization is reviewed in chapter 3. As demonstrated in 
that section, ruthenium carbene complexes B, and C are effective in catalyzing enyne metathesis. 
With terminal acetylenes, these reactions are best carried out under an atmosphere of ethylene 
gas to ensure better turnover.69 Commonly, employed solvents are dichloromethane, benzene or 
toluene in a temperature range of rt to 100 °C. 
  
 
 
                                            
161  General procedure: TBS-protected enyne 169α (75 mg, 0.24 mmol) in 6 ml solvent with 20 mol% catalyst  
      under variable reaction conditions. 
O O
O
Si
O O
O
Si
O O
OH
TBS-protection
154α 169α
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Figure 6.2 Ruthenium carbene catalysts for ring-closing enyne metathesis. 
 
 
 
Treatment of the isopropylidene protected 1,7-enyne 154α with 10 mol% of catalyst B in CH2Cl2 at  
40 °C led only to decomposition while no reaction occurred at room temperature. In light of this, we 
turned to use the TBS-protected analog 169α, and screened this substrate in the presence of sub-
stochiometric amounts (20 mol%) of either catatlys B or C under various conditions (se table 6.2, 
vide infra).  
 
Table 6.2 shows the ratio between starting material (S.M.) and products after 1 day at the depicted 
reaction conditions. The ratio is estimated on basis of 13C NMR on the crude material (not isolated 
yields). Catalyst B was not efficient for our purpose of carbocyclizing 1,7-enynes. Utilizing the more 
reactive catalyst C resulted in full conversion of the starting material 169α. On basis of this, the 
optimum condition for 1,7-enyne metathesis was found to be: rt, CH2Cl2, catalyst C, and an 
atmosphere of ethylene gas. Most interestingly, when the reactions were performed with catalyst C 
in an atmosphere of argon the byproduct  a dimer 170  was formed as a result of a ring-closing 
enyne metathesis/cross metathesis sequence. Optimized conditions, treatment of 169α with 8 
mol% of C at room temperature under an argon atmosphere, gave a isolated yield of 23% of 
product 170 (29% based on recovered starting material). The structure 170 has been determined 
by 1H and 13C NMR as well as mass spectroscopic analysis (MALDI-TOF MS). This clearly shows 
the importance of the ethylene atmosphere in these reactions (see also chapter 3). 
 
 
 
 
 
 
 
Grubbs' catalyst, B
Ru
Ph
Cl
Cl
PCy3
N N MesMes
Ru
Ph
Cl
Cl
PCy3
PCy3
C
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Table 6.2 Probing reaction conditions for RCM of TBS-enyne 169α, a) the ratio is based on estimation from 
13C NMR of the crude material (not isolated yields). 
 
  
With this protocol in hand, the 1,7-enynes from the tandem reactions (chapter 5) could now be 
transformed into 1-vinyl cyclohexenes. Table 6.3 shows the results for the ribose derived 1,7-
enynes. The TBS-protected enyne 169α was efficiently ring-closed to the corresponding 1-vinyl 
cyclohexene 171 by using 8 mol% of C in CH2Cl2 at room temperature in 66% yield (72% based on 
recovered starting material) (entry 1). Table 6.2 depicts that both dichlormethane reaction mixtures 
at rt and at 40 °C facilitate clean conversion of substrate to the metathesized product (entry 3 and 
entry 5). However, heating the reaction mixture to 40 °C (in the presence of 10 mol% C) 
accelerated the reaction rate,162 but provided the cyclized product in a lower yield of 41%. Using 
toluene as solvent163 at 40 °C, also hampered the reaction with a higher degree of decomposition 
(50% yield). Consequently, all reactions here after are carried out in CH2Cl2 at room temperature.  
                                            
162  Reaction time is 24h at rt, at 40 °C the reaction time is only 5h.  
163  Toluene has been found to have a good impact on the reactivity of catalyst C in olefin metathesis:    
      Fürstner, A.; Thiel, O. R.; Ackermann, L.; Schanz, H.-J.; Nolan, S. P. J. Org. Chem. 2000, 65, 2204-  
      2207. 
O O
OTBS
OTBS
O
O
20 mol% Cat. B or C
1d
S.M.
OTBS
O
O
O
O
OTBS
+
Product Cross
Entry Cat. Solvent Temp. Gas S.M./Product/Cross
a
169α 171 170
DCM  40 °C1 B 2 3 0: :CH2 CH2
1,2-dichlorethane  60 °C2 B 1 1 0: :CH2 CH2
DCM  40 °C3 C 0 1 0: :CH2 CH2
4 C  60 °C1,2-dichlorethane 2 3 0: :CH2 CH2
DCM    rt5 C 0 1 0: :CH2 CH2
DCM  40 °C6 C Ar 0 1 1: :
DCM     rt7 C Ar 0 1 1: :
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Table 6.3 Ring-closing metathesis of ribose derived 1,7-enynes using catalyst C in CH2Cl2 at rt under an 
ethylene atmosphere. Yields in brackets are yields based on recovered starting material. 
 
Entry Product YieldEnyne  Loadingof Cat. C
1 O
O OTBS
O
O OTBS
8% 66% (72%)
2 72%O
O OTBS
O
O OTBS
8%
3 70% (76%)O
O OAc
O
O OAc
10%
4 68%O
O OAc
O
O OAc
10%
5 50%O
O NAcBn
O
O NAcBn
10%
6 60% (63%)O
O N(TFA)Bn
O
O N(TFA)Bn
10%
169α
169β
172α
172β
173
174 179
178
177
176
175
171
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Previous studies on diene metathesis have shown that acetyl protection was superior to benzyl or 
silyl protection.5b,164 Standard acetylation165 gave the acetate 172α that was cyclized in good yields 
into the corresponding 1,3-dienes (entry 3). Similar results were obtained for the acetylated minor 
epimer 172β and the corresponding TBS-protected adduct 169β  (entry 2 and 4). Carbocyclization 
of the N-benzyl amino enyne 164 under acidic conditions166 to avoid N-coordination to the 
ruthenium catalyst led as expected to decomposition of starting material. Consequently, free amino 
groups had to be protected in order for the enyne metathesis to take place. The aminoenyne 164 
was converted to the acetamide 173167 and trifluoroacetamide 174,168 the latter being easier to 
deprotect. Both substrates could be ring-closed to the vinyl cyclohexenes in good yields.  
 
The triethylsilyl-protected enynes 160αβ and 161αβ that were obtained from the tandem reaction 
of respectively triethylsilyl-protected methyl 5-deoxy-5-iodo-D-xylofuranosides 158 and methyl 5-
deoxy-5-iodo-D-arabinofuranosides 145, should then be examined as substrates for the ring-
closing enyne metathesis. The major diastereomer 160α (from the xylose substrate) did cyclize in 
the presence of 10 mol% C but in a very low yield of 10% (17% based on recovered starting 
material). No catalytic turnover was observed, and the starting enyne 160α was too unstable 
towards the reaction conditions. However, testing the corresponding unproctected substrate 180α 
caused an instantly decomposition of both catalyst C and the trihydroxylated enyne 180α.  
 
In light of these preliminary experiments the bis-(triethylsilyl)-protected enynes 160αβ and 161αβ 
were converted into the corresponding triacetates 181αβ and 182αβ. A lot of time and effort was 
put in to find a convenient way in which the protection group manipulation could be done in a one-
step fashion on the crude material after the tandem reaction. The reader is referred to Appendix 1 
for a summary of this work. It was found that triacetates could be synthesized from their 
corresponding purified169 triethylsilyl protected enynes in a one-pot reaction via the following 
procedure: the triethylsilyl protected enynes were dissolved in anhydrous THF and treated with 
TBAF (2.2 eq.) and stirred for 30 min, then acetic anhydride (4 eq.), triethylamine (4.5 eq.) and 
DMAP (cat.) was added, and the reaction mixture stirred for further 2-3 hours. It is a very 
convenient method giving high overall yields (85-92%) of the desired fully acetylated enynes. As 
shown in Table 6.4, these triacetates were good substrates for the enyne metathesis (entry 1 and 
                                            
164  Jørgensen, M.; Iversen, E. H.; Paulsen, A. L.; Madsen, R. J. Org. Chem. 2001, 66, 4630-4635. 
165  Standard acetylation can be performed on the crude material from the tandem reaction giving the  
      acetates 172αβ in a combined overall yield of 75%. 
166  In the presence of 1 eq. p-toluenesulfonic acid. 
167  Via standard acetylation protocol; the yield was 89%. 
168  Utilizing trifluoroacetic anhydride and triethyl amine; the yield was 74%. 
169  Isolated after flash chromatography. 
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2). However, the yield of vinyl cyclohexene 185 (originating from the minor diastereomer 182α from 
the arabinose substrate) turned out to be modest (58%, entry 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 6.4 Ring-closing enyne metathesis of xylose and arabinose derived 1,7-enynes using catalyst C in 
CH2Cl2 at rt under an ethylene atmosphere. Yields in brackets are yields based on recovered starting 
material. 
 
 
In general, all 1-vinyl cyclohexenes were obtained in good yields with satisfactorily good turnovers 
of catalyst C. We did not observe other carbocyclic ring isomers in any of these metathesis 
reactions as recently reported for other substrates.67 
 
6.5 Ring-Closing 1,6-Enyne Metathesis 
 
It is known from literature that 1-TMS enynes are poor substrates for the metathesis reaction.65 
Thus, 1-TMS-1,6-enynes 167αβ were converted into the 1-H-3-acetates 186αβ,170 from which the 
two diastereomers could be separated by flash chromatography. Generally, ring-closing metathesis 
of 1,6-enynes proceeds easier than for 1,7-enynes71 because the unsaturated moieties are in 
                                            
170  Via the one-pot desilylation/acetylation protocol desribed in Appendix 1 (87% yield).  
Entry Product YieldEnyne  Loadingof Cat. C
1
OAc
AcO
AcO OAc
AcO
AcO
5% 74% (79%)
2 72%
OAc
AcO
AcO OAc
AcO
AcO
5%
3 58%
OAc
AcO
AcO OAc
AcO
AcO
8%
181α 183
184
185
182β
182α
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closer vicinity compared to the situation for 1,7-enynes. Both catalyst B and catalyst C can 
therefore plausibly be employed for carbocyclization of 1,6-enynes.  
  
Using the same protocol as for 1,7-enynes, the major isomer 186α was converted into the 1-vinyl 
cyclopentene 187 with 10 mol% of catalyst C under an atmosphere of ethylene gas in a modest 
32% yield. A significant byproduct could also be isolated in 22% yield from the reaction mixture 
(see scheme 6.3).  
 
 
 
 
 
 
 
 
Scheme 6.3 Catalyst C mediated enyne metathesis of 1,6-enyne 186α. 
 
The byproduct has been identified as the cyclopropane derivative 188 by 1H and 13C NMR. Figure 
6.2 and figure 6.3 show the 1H and 13C NMR of the byproduct 188 and the 1-vinyl cyclopentene 
187. The cyclopropane 188 could not be separated completely from the 1,3-diene as indicated in 
the NMR spectra (approximately 20% of 1-vinyl cyclopentene 187). However, all other NMR 
signals have their origin from the cyclopropane derivative 188. 1H NMR of 188 clearly shows the 
characteristic pattern for a cyclopropane ring (marked with A) and a vinyl group and importantly, 
the absence of an endocyclic double bond. Moreover, no coupling is observed between H-4 and H-
5 in the bicyclic system 188. This accounts for that the two adjacent hydrogens are perpendicular 
to each other and hereby giving them a trans relationship as depicted in scheme 6.3 
 
 
 
 
 
 
 
 
 
O O
OAc
a
O O
OAc
O O
OAc
H
32% 22%
+
186α 187 188
1
2
34
5
6
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Figure 6.2 1H NMR (CDCl3, 300 MHz) of cyclopropane derivative 188 (top) and 1-vinyl cyclopentene 187 
(bottom). Signals marked with A originate from the cyclopropane ring in 188. 
 
 
13C NMR also supports the identification of the byproduct as the cyclopropane derivative 188. As 
seen in figure 6.3, the three signals for the cyclopropane ring (marked A) are located as aspected 
upfield (δ 33.2, 29.1 and 14.0) in the spectra. Downfield in the 13C spectra, the signals for the vinyl 
group, acetyl group and quartinary carbon (iPr) are predominant. Again, as for the 1H NMR, the 
signals for an endocyclic double bond are absent. 
O O
OAc
H
188
A AA
O O
OAc
187
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Figure 6.3 13C NMR (CDCl3, 75 MHz) of cyclopropane derivative 188 (top) and 1-vinyl cyclopentene 187 
(bottom). Signals marked with A originate from the cyclopropane ring in 188. 
 
 
Furthermore, mass spectroscopic analysis (ESI) has given an accurate mass for a fragmentation 
product (M-CH3). This lost of a methyl group during analysis has also been observed for the 
acetylated minor epimer of the isopropylidene vinyl cyclohexene 177 and the 1,7-enyne 154α (see 
experimental, chapter 10). All in all, it can therefore be concluded that 188 has the given structure.  
 
O O
OAc
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O O
OAc
187
AA
A
  93 
 
 
The mechanism for formation of the cyclopropane derivative 188 may be explained by a reductive 
elimination of ruthenium from the intermediare ruthenacyclobutane (see scheme 6.4). The 
generated Ru(IV) need to be reassociated with an ethylene-ligand for entering a new turn in the 
catalytic cycle. This can be accomplished by oxidatively cyclization with 2 moles of ethylene (to 
form a ruthenacylopentane) followed by skeletal reorganization and a 1,2-hydride shift.171 Hereby, 
the ruthenium carbene is regenerated and propene is formed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 6.4 Mechanistic proposal for formation of the cyclopropane derivative 188, and regeneration of 
ruthenium carbene.65,67 
 
                                            
171  For general reviews of ruthenium catalyzed reactions see: a) Naota, T.; Takaya, H.; Murahashi, S.-I.  
     Chem. Rev. 1998, 98, 2599-2660, b) Trost, B. M.; Toste, F. D.; Pinkerton, A. B. Chem. Rev. 2001, 101,  
     2067-2096. Normally, ruthenacyclopentanes undergo either reductive elimination or β-hydrogen  
     elimination.  
O O
OAc
Ru
O O
OAc
Ru
O O
OAc
Ru
O O
OAc
RuO O
OAc
-Ru:
Ru
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Ru
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1,2-hydride shiftRu: oxidative cyclization
Regeneration of ruthenium carbene:
O O
OAc
RCM
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Corresponding cyclopropane derivatives have previously been observed with the use of ruthenium 
carbene mediated enyne metathesis.65,67 Contrary to our observations, the isolated yields of these 
byproducts were not significant higher than the loading of the employed carbene catalyst. 
 
To investigate whether the formation of the cyclopropane derivative 188 is a result of a side 
reaction from the metathesis reaction or arises from a different reaction type, 1-vinyl cyclopentene 
187 was reacted once more with catalyst C in CH2Cl2 under an ethylene atmosphere. However, 
this did not accomplish in any formation of cyclopropane derivative 188.172 However, this cannot 
exclude the suggested reaction pathway where the byproduct is formed via a sidereaction during 
the enyne metathesis. Reassociation of ruthenium carbene catalyst to the endocyclic double bond 
(formation of ruthenacyclobutane) may be disfavored over formation of 1-vinyl cyclopentene 187 in 
this equilibrium. Ethylene gas in this particular situation promotes the formation of the 
cyclopropane derivative 188. In fact, treating 1,6-enyne 186α with catalyst C under an argon 
atmosphere afforded only trace of cyclopropane 188. But the reaction was hampered with 
decomposition and only 21% yield of cyclic 1,3-diene 187 was obtained. This accounts for a 
possible regeneration of ruthenium carbene via reaction of Ru(IV) with ethylene gas. 
 
It could be very interesting to study the ring-closing enyne metathesis of the 1,6-enyne 186α under 
elevated ethylene pressure. Hereby, the formation of the cyclopropane 188 may be favored over 1-
vinyl cyclopentene 187, and a novel catalytic reaction type could be found. Vinyl cyclopropanes are 
very interesting moieties which can undergo a [1,3]-sigmatropic rearrangement to give 
cyclopentenes.173 Given this possibility, an interesting tricyclic system 189 would be reached via 
the above-presented system (see scheme 6.5). Unfortunately, this very fascinating sidereaction 
was discovered late in the Ph.D.-work, and due to lack of time further studies was abandoned. 
 
 
 
 
 
 
 
Scheme 6.5 [1,3]-sigmatropic rearrangement of vinyl cyclopropane 188 would lead to a tricyclic system 
189. 
 
                                            
172  The vinyl cyclopentene could be recovered in a yield of 74%. 
173  For review of rearrangement of vinyl cyclopropanes see: Goldschmidt, Z.; Crammer, B. Chem. Soc. Rev.  
      1988, 17, 229-267. 
188
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Successful carbocyclization of 1,6-enyne 186α into the desired 1-vinyl cyclopentene 187 was 
accomplished by treating 186α with the less reactive catalyst B (10 mol%) in CH2Cl2 under an 
atmosphere of ethylene gas in a very good yield of 70%. Only trace of cyclopropane 188 was 
observed under these conditions.  
 
6.6 Concluding Remarks  
Carbocyclization of 1,7-enynes with low-valent transition metal complexes of Pt, Pd, Ru or Rh 
proved unsuccessful. On the other hand, ring-closing enyne metathesis using ruthenium carbene 
complexes (catalyst B or catalyst C) afforded the desired cyclic 1,3-dienes in good yields with 
acceptable catalyst turnover.  
 
The 1,7-enynes had a low reactivity in these carbocyclizations, which need the employment of 
catalyst C.  Ethylene gas was essential for a successful ring-closure. Cyclization of the TBS-
protected 1,7-enyne 169α under an argon atmosphere resulted in the formation of byproduct 170 
as a consequence of dimerization of the desired 1-vinyl cyclohexene 171. It was hoped that the 
carbocyclizations could be performed without employing protection groups. However, lack of 
blocking groups in the trihydroxylated 1,7-enyne 180α led to decomposition of catalyst and starting 
material. Triacetylated 1,7-enynes (181α, 182α, and 182β) were found to be good substrates for 
the ring-closing enyne metathesis. Masking the 4-hydroxyl group in the 5,6-isopropylidene 
protected 1,7-enyne 154α and the 4-amino group in the 1,7-enyne 164 was also found to be 
necessary for facilitating the ring-closure.   
 
Successful carbocyclization of the acetylated 1,6-enyne 186α was accomplished with the use of 
Grubbs´ catalyst (catalyst B). Utilizing the more active catalyst C resulted in formation of a 
cyclopropane derivative 188 in significant amount. This byproduct may arise from a novel catalytic 
side reaction. However, this has not been investigated further.  
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Chapter 7 
 
  
Decalins From Diels-Alder Cyloaddtion        
to 1-Vinyl Cyclohexenes 
 
7.1 Introduction 
The cyclic 1,3-dienes prepared from ring-closing enyne metathesis (see chapter 6) are suitable 
substrates for a subsequent Diels-Alder reaction.174 Using this methodology, decalin ring systems 
can be reached via cycloaddition to 1-vinyl cyclohexenes. Functionalized decalins are the 
framework of a number of biologically significant compounds,21b,175 and short and efficient 
synthesis of these are therefore of great interest.   
 
The work in this chapter is included in a full paper128 covering the results from chapter 5, chapter 6, 
and chapter 7.  
 
7.2 Regioselectivity in Diels-Alder Reactions With Acrolein as Dienophile 
The isopropylidine protected 1-vinyl cyclohexenes 171 and 176 were probed as substrates. An 
unsymmetrical dienophile (acrolein) was chosen to investigate whether the regiochemistry could be 
controlled. The reaction of an electron deficient dienophile with an electron rich 1,3-diene is biased 
in such a manner that the ortho adduct is formed in greater amount. However, meta adducts 
cannot be excluded (see scheme 7.1).176 
 
                                            
174  Examples of tandem/domino sequences of enyne metathesis/Diels-Alder cycloaddition have already  
      been given in chapter 3. 
175  For some recent syntheses of functionalized decalins, see: a) Labadie, G. R.; Cravero, R. M.; González- 
      Sierra, M. Tetrahedron Lett. 2001, 42, 1811-1814, b) Tsai, Y.-F.; Peddinti, R. K.; Liao, C.-C. Chem.  
      Commun. 2000, 475-476, c) Mehta, G.; Ramesh, S. S. Chem. Commun. 2000, 2429-2430, d) Jarosz, S.;  
      Skóra, S. Tetrahedron: Asymmetry 2000, 11, 1433-1448.  
176  Flemming, I. Frontier Orbitals and Organic Chemical Reactions, John Wiley & Sons, 1976, Great    
      Britain. 
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Scheme 7.1 Predictions on regioselectivity in Diels-Alder Reactions with an electron deficient dienophile. 
 
 
With this in mind, eight possible isomers could be formed from reaction of a 1-vinyl cyclohexene 
(e.g. 171 and 176) with acrolein. However, endo adduct 190 is expected as the major compound  
with attack from the opposite face of the isopropylidene ring.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1 The expected major isomers from the Diels-Alder cycloaddition of cyclic 1,3-diene and acrolein 
arises from attack from the opposite face of the isopropylidene ring. 
 
7.3 Synthesis of Decalins 
The acetylated 1-vinyl cyclohexene 176 was used as test substrate in finding the right reaction 
conditions for cycloaddition with acrolein (191). Table 7.1 shows different experiments under varied 
reaction conditions. 
CHO
CHO
ortho adduct meta adduct
(favored) (disfavored)
+
CHO
H O
O
O
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Table 7.1 Diels-Alder cycloaddition of cyclic 1,3-diene 176 with acrolein (191) under different reaction 
conditions. Besides entry 3, all reactions have been performed neat, a) a solution of 1,3-diene 176 in toluene 
was added dropwise to a solution of acrolein (191) in toluene at 45 °C, b) 0.2 eq. of BF3·OEt2 has been 
added, c) oberservations via TLC and NMR experiments on crude material, d) yields are isolated yields.  
 
 
Reaction of vinyl cyclohexene 176 with acrolein (191) at room temperature proved unsuccessful. 
However, heating the reaction mixture to 40 °C, a Diels-Alder adduct could be isolated in 17% 
yield. The elevated temperature was suspected to induce decomposition of the cyclic 1,3-diene 
176. In light of this, the vinyl cyclohexene 176 was dissolved in toluene and added dropwise to an 
acrolein solution (entry 3, table 7.1). However, no product was observed under these reaction 
conditions. Lewis acids are known to mediate Diels-Alder cycloadditions.176 Investigations of this 
effect with addition of BF3·OEt2 (0.2 eq.) (entry 4, table 7.1) led to some product but also extensive 
decomposition of the starting diene 176. Therefore, further Lewis acid mediated experiments were 
abandoned. Successful Diels-Alder cycloaddition was accomplished by heating 1-vinyl 
cyclohexene 176 with acrolein (191) (neat) to 60 °C in a sure sealed reaction flask for 24 hours.177 
Purification by flash chromatography gave the decalin system 192 as the main product in 56% 
yield. Trace of other isomers were detected on TLC, but could not be isolated. Subjecting the TBS-
                                            
177  The boiling point of acrolein is 53 °C. 
OHC +
Entry             T/°C Lewis acid Time YieldObservation
a
b4
45 none 7 h no reaction -3
rt BF3.OEt2 48 h -some product
1 rt none 48 h 0%no reaction
2 40 none 24 h 17%some product
5 60 none 24 h ~90% conversion 56%
c d
O
O
OAc
O
O
OAc
HOHC
191 176
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protected analog 171 to the same reaction conditions gave the adduct 193 also as the major 
product in 69%.   
 
 
 
 
 
 
 
Scheme 7.2 Diels-Alder cycloaddition of acrolein to 1-vinyl cyclohexene, a) acrolein, 60 °C, 24h. 
 
 
The 1H-NMR of both adducts (192 and 193) were fully assigned by selective decoupling 
experiments, and revealed that coupling constants were virtually identical in the two spectra. 
Subsequent 2D-NOESY studies of the silyl-protected decalin system verified the structure to be 
193 (see figure 7.2). The observed NOE enhancements for the formyl group to both H-6 and H-7 
and for the interaction between H-6 and the methyl group indicate the formation of an endo 
product. A large coupling constant between H-6 and H-7 (JH6-H7 = 9.4 Hz) also supports an anti 
relationship between the two adjacent hydrogens. Thus, the major adduct 193 is the product of 
endo addition from the face opposite the isopropylidene group. The regioselectivity is in line with 
earlier observations in similar systems.81,82,178 
 
The cyclic dienophile, 2-cyclohexenone was also subjected in the cycloaddition protocol with the 
TBS-protected 1-vinyl cyclohexene 171 under elevated temperature (rt  80 °C). Unfortunately, the 
reaction proved unsuccessful, and none of the Diels-Alder adduct could be isolated.  
 
 
 
 
 
 
 
 
                                            
178  a) Ling, T.; Chowdhury, C.; Kramer, B. A.; Vong, B. G. Palladino, M. A.; Theodorakis, E. A. J. Org. Chem.  
      2001, 66, 8843-8853, b) Pai, C.-C.; Liu, R.-S. Organic Lett. 2001, 3, 1295-1298. 
 
R = Ac, 176
R = TBS, 171
R = Ac, 192, 56%
R = TBS, 193, 69%
a
O
O
OR
O
O
OR
H
CHO
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Figure 7.2 NMR-studies on decalin system 193. The upper part shows the observed NOE-enhancements 
from a 2D-NOESY. The angle between the adjacent hydrogens H-6 and H-7 is approximately 180 °C giving 
a relative large coupling constant. 
 
 
 
7.4 Concluding Remarks 
The metathesis generated cyclic 1,3-dienes 171 and 176 could be employed successfully in a 
Diels-Alder cycloaddition reaction with the unsymmetrical dienophile acrolein (191). The reaction 
displays good stereocontrol with the formation of the endo adduct as the major product in good 
yield.  
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Chapter 8 
 
  
Conclusion  
 
 
 
The work, which has been performed at the Technical University of Denmark and described in 
chapter 1 to chapter 7 will here be summed up and concluded on. 
 
The objective of the Ph.D.-work was to develop a convenient method for carbocyclization of 
carbohydrates into cyclohexenes and cyclopentenes. These densely functionalized carbocycles 
are common framework in natural products and biologically significant compounds.  
 
The cyclohexenes, cyclopentenes, and decalin systems were originating from methyl 5-deoxy-5-
iodo-D-pentofuranosides. The commonly used substrate was methyl 5-deoxy-5-iodo-2,3-O-
isopropylidene-β-D-ribofuranoside (53), which can be syntesized and stored in gram scale for 
months. Furthermore, triethylsilyl protected pentofuranosides  (arabino, xylo, and 2-deoxy-ribo) 
were utilized as starting materials. These can be synthesized from a novel sulfonylation protocol 
involving the use of 2,4,6-trichlorobenzenesulfonyl chloride in anhydrous pyridine and subsequent 
introduction of iodide. It was found that previously described sulfonylation method was not 
reproducible, and improved conditions were found with the use of DMF as both a quenching 
reagent of excess of sulfonylating reagent and mediator of the final triethylsilyl protection. 
However, the sulfonylation protocol exhibited not clean regioselectivities, which lowered the 
isolated yields of the 5-iodopentofuranosides. 
 
The 5-iodopentofuranosides were converted into 1,7-enynes by zinc-mediated fragmentation-
propargylation reaction in good yields (56-73%) and with modest to excellent diastereoselectivities. 
The protocol provided the first described one-pot synthesis of 1,7-enynes. The intermediate 
aldehyde could also be intercepted by benzyl amine whereupon subsequent propargylation 
furnished the 1,7-enyne with a secondary amino group. Extending the tandem reaction to synthesis 
of 1,6-enynes was problematic. After numerous experiments with several different ethynylation 
reagents, it was found that addition of 2-TMS-ethynylcerium(III) chloride after the reductive ring-
opening produced the 1,6-enynes in good yield.  
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In general, the generated 1,6- and 1,7-enynes are less stabile than their corresponding dienes, 
which demands the need for protection groups in the zinc-mediated one-pot syntheses. Protection 
group manipulation from bis-triethylsilylated 1,7-enynes to triacetylated 1,7-enynes also revealed 
that acidic conditions promotes decomposition of the enynes. 
 
The densely functionalized enynes were all converted into 1-vinyl cycloalkenes by ring-closing 
enyne metathesis with the use of ruthenium carbene catalysis. It was found that the presence of an 
ethylene atmosphere and protection of hydroxyl and amino groups was important for facilitating the 
carbocyclization. Further annulation of the cyclic 1,3-dienes was achieved through a Diels-Alder 
cycloaddition with acrolein under good control of stereochemistry. 
 
These procedures constitute efficient methods for rapid carbocyclization and annulation of 
carbohydrates to densely functionalized ring-systems. Thus, the substrate of choice, methyl 5-
deoxy-5-iodo-2,3-O-isopropylidene-β-D-ribofuranoside (53) has e.g. been converted into a decalin 
system 193 in few steps with overall good yield.  
  
 
 
 
 
 
 
 
 
 
 
 
Scheme 8.1 Rapid carbocyclization and annulation of D-ribose into densely functionalized ring-systems,    
a) Zn, THF/H2O (2:1), propargyl bromide, 40 °C, 5h, b) TBSOTf, 2,6-lutidine, CH2Cl2, 0 °C to rt, overnight,    
c) ruthenium carbene catalyst C (8 mol%), CH2Cl2, ethylene atmosphere, rt, 24h, d) acrolein, 60 °C, 24h.  
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Chapter 9 
 
  
Synthesis of Solid-Supported Capping        
Reagent for ROMP Reaction  
 
9.1 Abstract 
A solid-supported capping reagent for the ring-opening metathesis polymerization reaction was constructed 
using a HMBA linker and a PEGA-amine resin at the laboratory of Professor Laura L. Kiessling, University of 
Wisconsin. The synthetic steps and the efficiency of the capping reagent are described. 
 
 
9.2 Introduction to Ring-Opening Metathesis Polymerization Reaction 
Ring-opening metathesis polymerization (ROMP) reaction has attracted great interest in the last 
two decades due to the discovery of transition metal-mediated propagations.179 Grubbs and 
coworkers showed in 1988 that RuCl3 was capable of polymerizing norbornene derivatives in 
aqueous solvents.180 Later on both molybdenum181 and ruthenium182 carbene complexes have 
been showed to mediate ROMP reactions. 
 
A generalized mechanism for ruthenium carbene mediated polymerization involves an initial 
coordination of the metal alkylidene (see scheme 9.1). A [2+2] cycloaddition between the initiator 
and a monomer unit forms a ruthenacyclobutane which then undergoes a retro [2+2] ring-opening. 
Repeating this sequence with other monomer units will lead to elongation of a polymer. This 
polymer can then either be further elongated with a monomer (until the monomer is fully 
consumed) or be terminated with an electron rich olefin to give an inactive metal complex.  
 
 
 
 
 
                                            
179  For recent review see: Kiessling, L. L.; Strong, L. E. Top. Organomet. Chem. 1998, 199-231. 
180  Novak, B. M.; Grubbs, R. H. J. Am. Chem. Soc. 1988, 110, 7542-7543 and references cited herein. 
181  Bazan, G. C.; Khosravi, E.; Schrock, R. R.; Feast, W. J.; Gibson, V. C.; ORegan, M. B.; Thomas, J. K.;  
      Davis, W. M. J. Am. Chem. Soc. 1990, 112, 8378-8387 and references cited herein. 
182  Nguyen, S. T.; Johnson, L. K.; Grubbs, R. H.; Ziller, J. W. J. Am. Chem. Soc. 1992, 114, 3974-3975. 
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Scheme 9.1 Mechanism of ring-opening metathesis polymerization (ROMP) reaction. 
 
 
The active methylidene ruthenium carbene can be released via a chain transfer termination as a 
side reaction. In this way, material with a broad diversity of length will be generated. However, this 
will not be the case in a living polymerization.183  Living systems in which the rate of polymer chain 
initiation occurs faster than chain propagation afford polymers with narrow polydispersities.184 
Specifically, variations in the monomer-to-initiator ratio can yield materials of defined average 
lengths, which has been shown for generation of neoglycopolymers with the use of Grubbs 
catalyst.185 However, it should be noted that physical properties of each monomer, such as its 
solubility and the electron density and strain of cyclic olefin, result in different rates of initiation, 
propagation, and non-productive termination.186  
 
 
 
                                            
 183  Polymerization reactions which proceed in the absence of termination steps and chain transfer reactions  
       are considered living, see: a) Quirk, R. P.; Lee, B. Polym. Int. 1992, 27, 359-367, b) Webster, O. W.  
       Science 1991, 251, 887-893. 
 184  Lynn, D. M.; Kanaoka, S.; Grubbs, R. H. J. Am. Chem. Soc. 1996, 118, 784-790. 
 185  Kanai, M.; Mortell, K. H.; Kiessling, L. L. J. Am. Chem. Soc. 1997, 119, 9931-9932. 
 186  Fraser, C.; Grubbs, R. H. Macromolecules 1995, 28, 7248-7255. 
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Using ROMP chemistry unique polymers with potential biological uses have been generated, such 
as amino acid derived polymers,187 penicillin derived polymers,188 and nucleotide based polymer.189 
But also carbohydrate based polymers (neoglycopolymers) have been investigated. Intercellular 
recognition and binding can be enhanced through multivalent carbohydrate-protein interactions. In 
this respect, neoglycopolymers are attractive for studies of cell-cell interactions, where they can 
mimic the multivalent display of carbohydrates on the cell surface.190 Kiessling and coworkers191 
have utilized ROMP methodology for synthesis of neoglycopolymers with specific effect on human 
neutrophils. Multivalent ligands were designed to promote the proteolytic cleavage of a cell 
adhesion molecule (L-selectin) involved in the inflammatory response.192 Synthesis of cell 
agglutination inhibitors with good target specificity has also been accomplished by the ROMP 
protocol.193  
 
9.3 Objective of Project 
Strong and Kiessling194 have demonstrated that post-synthetically modifications are possible for 
polymers carrying N-hydroxysuccinimide esters without affecting the biological activity. In this way, 
different recognition epitopes can be attached after the ROMP reaction, and hereby facilitate the 
creation of diverse multivalent libraries. In spite of this attractive possibility, new ways of generating 
large pools of multivalent ligands and facilitating polymer isolation are still strong issues in the 
group of Kiessling.  
 
The aim of the project195 was to facilitate polymer isolation and modification by attaching polymers 
containing latent reactive groups to a resin (see scheme 9.2). The polymers should be synthesized 
by ROMP reaction mediated by Grubbs catalyst under standard reaction conditions. When all the 
                                            
 187  a) Coles, M. P.; Gibson, V. C.; Mazzariol, L.; North, M.; Teasdale, W. G.; Williams, C. M.; Zamuner, D. J.  
      Chem. Soc., Chem. Commun. 1994, 2505-2506, b) Tsutsumiuchi, K.; Aoi, K.; Okada, M.  
      Macromolecules 1997, 30, 4013-4017.  
188  Biagini, S. C. G.; Gibson, V. C.; Giles, M. R.; Marshall, E. L.; North, M. Chem. Commun. 1997, 1097- 
      1096.   
189  a) Gibson, V. C.; Marshall, E. L.; North, M.; Robson, D. A.; Williams, P. J. Chem. Commun. 1997, 1095- 
      1097, b) Davies, R. G.; Gibson, V. C.; Hursthouse, M. B.; Light, M. E.; Marshall, E. L.; North, M.; Robson,  
      D. A.; Thompson, I.; White, A. J. P.; Williams, D. J.; Williams, P. J. J. Chem. Soc., Perkin Trans. 1 2001,  
      3365-3381. 
190  Kiessling, L. L.; Pohl, N. L. Chem. Biol. 1996, 3, 71-77. 
191  Gordan, E. J.; Sanders, W. J.; Kiessling, L. L. Nature 1998, 392, 30-31.  
192  a) Manning, D. D.; Strong, L. E.;  Hu, X.; Beck, P. J.; Kiessling, L. L. Tetrahedron 1997, 53, 11937-   
      11952, b) Manning, D. D.; Hu, X.; Beck, P.; Kiessling, L. L. J. Am. Chem. Soc. 1997, 119, 3161-3162, c)  
      Kiessling, L. L.; Gordan, E. J. Chem. Biol. 1998, 5, R49-R62. 
193  a) Mortell, K. H.; Gingras, M.; Kiessling, L. L. J. Am. Chem. Soc. 1994, 116, 12053-12054, b) Mortell, K.  
      H.; Weatherman, R. V.; Kiessling, L. L. J. Am. Chem. Soc. 1996, 118, 2297-2298. 
194  Strong, L. E.; Kiessling, L. L. J. Am. Chem. Soc. 1999, 121, 6193-6196. 
195  The project had been launched by Jason Pontrello. 
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monomer was consumed, the polymerization should be terminated using a solid-supported 
capping agent such that the resulting product was a resin-immobilized polymer. Once the synthetic 
oligomer was anchored, various reagents would be introduced that couple to the reactive site on 
the backbone of the polymer. Subsequent to this post-synthetic modification, the resulting 
materials should be cleaved from the support to generate the desired polymers for screening and 
testing of cell-cell interactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 9.2 The strategy of the project. 
 
 
Different aspects have to be fulfilled for a successful anchoring of polymerized material on the 
solid-support. First, the polymerization has to be living to avoid free ruthenium carbenes in the 
reaction mixture. Secondly, the employed solid-support has to be compatible with the conditions for 
the ROMP reaction and permeable for larger materials. And thirdly, the rate of the termination step 
has to be fairly faster than chain-chain transfer reactions. 
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9.4 Design of Solid-Supported Capping Reagent 
The solid-supported capping reagent is build up by four components: resin, linker, spacer region, 
and capping agent (see figure 9.3).  
 
 
 
 
Figure 9.3 The design of the solid-supported capping reagent. 
 
 
The choice of resin has to fulfill one important criterion: it has to be permeable for larger polymers. 
Meldal and coworkers have introduced the polyethylene glycol dimethyl acrylamide resin (PEGA-
amine resin) that has been used for on-resin enzyme assays.196 This support swells extensively in 
both hydrophilic and hydrophobic solvents, including H2O, DMF, CH2Cl2, THF, and MeOH, and are 
freely permeable for macromolecules up to 35 kD. With these informations, the PEGA-amine resin 
was suitable for our purposes. 
 
The linker has to be able to be cleaved under fairly mild conditions to avoid decomposition of the 
anchored neoglycopolymer. Furthermore, it would be preferable to make use of different cleavage 
conditions and hereby furnish the released polymer with different end labeled functionalities. The 
4-hydroxymethylbenzoic acid (HMBA) linker has traditionally been used in peptide synthesis, and 
is a versatile linker for anchoring of carboxylic groups. Furthermore, the HMBA linker has also 
been employed in combination with the PEGA-amine resin, which indicates that standard basic 
cleavage conditions are compatible with the core structure of PEGA.197 Release of supported 
compound from the linker can be affected by a number of different nucleophiles to yield carboxyl 
groups carrying a variety of functionalities.198  Hereby this linker system gives the possibility of 
introducing diversity into a chemical library (see figure 9.1 and scheme 9.2, vide supra).  
 
The demand of the spacer region is not strictly. It has to be available in reasonable few synthetic 
steps, and preferably also posses the ability of performing the synthesis on solid-phase.  From the 
start, it was desided to focus on 5-methoxy-pent-4-en-oic (194) acid as the framework of capping 
                                            
196  Meldal, M. Tetrahedron Lett. 1992, 33, 3077-3080.  
197  St. Hilaire, P. M., Willert, M.; Juliano, M. A.; Juliano, L.; Meldal, M. J. Comb. Chem. 1999, 1, 509-523, b)  
      Groth, T.; Grøtli, M.; Lubell, W. D.; Miranda, L. P.; Meldal, M. J. Chem. Soc., Perkin Trans 1 2000, 4258- 
      4264. 
198  Dörwald, F. Z. Organic Synthesis on Solid Phase – Supports, Linkers, Reactions, pp. 40, 68, Wiley-VCH,  
      Germany, 2000.  
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and spacer region. All in all, this gives rise to the depicted initial design of the solid-suppported 
capping reagent 195 for the ring-opening metathesis polymerization reaction as shown in figure 
9.1.  
 
 
 
 
 
 
 
 
 
Figure 9.1 Initially design of the solid-supported capping reagent for the ring-opening metathesis 
polymerization reaction (frame A). Frame B shows the varied functionalities that the released product obtains 
under different cleavage conditions, when the HMBA linker is applied.  
 
 
9.5 Results and Discussion 
 
9.5.1 Synthesis of Capping Reagent  Initial Design 
It was decided to react 5-methoxy-pent-4-en-oic acid (194) with the HMBA linker in solution and 
subsequently couple this fragment 199 to the PEGA-amine resin (see scheme 9.4, vide infra). The 
synthesis of the carboxylic acid 194 was started from the commercially available pent-4-en-oic acid 
(196), where upon literature procedures199 provided the aldehyde 197 via benzyl esterification 
followed by ozonolysis of the olefin bond in an overall yield of 76%. Having the aldehyde 197 in 
hand (in gram scale), this was then probed in a Wittig reaction with methoxymethyl-
triphenylphosphonium chloride in the presence of potassium tert-butoxide in anhydrous diethyl 
ether at 0 °C. This olefination step turned out to be problematic. The conversion of the aldehyde 
was done in 45 minutes and only one major product was formed as indicated by TLC analysis. 
However, in spite of varied work-up procedures the desired methyl vinyl ether 198 could only be 
isolated in a modest 36% yield.200 Removal of the benzyl group was accomplished via basic 
hydrolysis followed by neutralization with the use of acidic ion-exchange resin to give 5-methoxy-
pent-4-en-oic acid (194) in quantitative yield. 
                                            
199  Hogg, J. H.; Ollmann, I. R.; Wetterholm, A.; Andberg, M. B.; Haeggström, J.; Samuelsson, B.; Wong, C.- 
      H. Chem. Eur. J. 1998, 4, 1698-1712. 
200  Instability of methyl vinyl ethers containing ester functionalities has been observed previously by the  
      Kiessling group, unpublished results.  
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Scheme 9.4 Synthesis of 5-methoxy-pent-4-en-oic acid (194) for anchoring to the HMBA linker, a) BnBr, 
K2CO3, NBu4I, acetone, rt, b) O3, CH2Cl2, -78 °C, then PPh3, c) methoxymethyltriphenylphosphonium 
chloride, t-BuOK, anhydrous diethyl ether, 0 °C, 45 min, d) KOH, H2O, THF, 18h, then Amberlite 15, MeOH. 
 
 
Esterification of 194 with HMBA linker with the use of carbodiimide (DCC and DIC) activation of the 
carboxylic acid 194 proved unsuccessful. The desired ester 199 was isolated in low yield with 
contaminate amount of corresponding urea when both DCC and DIC were applied.201 This is 
probably due to an undesirable polymerization of the unprotected benzoic acid.  To circumvent this 
issue, the esterification may be accomplished on solid-phase (see scheme 9.5). For this reason, 
the methyl ester of HMBA 200202 was used as substrate in a model study. However, reaction of 
200 with 5-methoxy-pent-4-en-oic acid (194) in the presence of DIC and DMAP in anhydrous DMF 
at room temperature did not yield any of the desired adduct 201.  
 
 
 
 
 
 
 
 
 
 
 
Scheme 9.5 Model study in solution of ester coupling of 5-methoxy-pent-4-en-oic acid (194) with the methyl 
ester of HMBA (200), a) 194 (1.5 eq.), DIC (7.5 eq.), DMAP, anhydrous DMF, rt, then HMBA methyl ester 
(200, 1 eq.). 
                                            
201  The dicyclohexyl urea (DCU) is insoluble in most solvents and can therefore normally be removed by  
      filtration. 
202  Marsh, I. R.; Bradley, M. Tetrahedron 1997, 53, 17317-17334. 
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Alternatively, the solid-supported capping reagent may be reached by performing the problematic 
ester coupling as the first step in a new synthetic sequence (see scheme 9.6).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 9.6 Alternative retrosynthetic sequence of the solid-supported capping reagent 195. 
 
 
The former used acid 194 was impractical to work with because of its low solubility, whereas 4-
pentenoicacid (196) has good solubility in most solvents. Unfortunately, attempts of esterification 
on DCC-preactivated 196 with HMBA proved unsuccessful leading to the adduct 202 in low yield. 
Temporary protection of the carboxylic moiety in HMBA may had solved this problem, but in light of 
the result of the previous model study (scheme 9.5), and the plausible low yield of the following 
Wittig reaction - the design of the capping reagent was changed. 
 
9.5.2 New Design  Final Synthesis of Capping Reagent in Solution 
To overcome the problematic esterification of HMBA, it was decided to utilize a highly preactivated 
acid e.g. an acid chloride. With this in mind, the following new design of solid-supported capping 
reagent 205 was made of three components: an amino vinyl methyl ether 206, a N-
hydroxysuccinimide activated acid chloride 207 and the HMBA linker (see figure 9.2).  
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Figure 9.2 New and final design of solid-supported capping reagent. 
 
 
The amine 206 is available in few steps from γ-butyrolactone. The γ-butyrolactone is reduced to the 
corresponding aldehyde followed by Wittig elongation whereby the methyl vinyl ether is installed. 
The primary hydroxyl group is converted into the corresponding phtalimide. The phtalimide can 
then be transformed to the primary amine by stirring with hydrazine immediately before use.203  
The acid chloride of the N-hydroxysuccinimide ester 207 is a stable solid compound, which can be 
prepared by treating glutaric anhydride with N-hydroxysuccinimide in refluxing THF followed by 
converting the mono-NHS activated dicarboxylic acid into the mono-acid chloride with stirring in 
neat thionyl chloride at 45 °C.204,205  
Preliminary experiments with esterification of HMBA with 207 revealed that protection of the 
benzoic acid was necessary for facilitating the adduct formation (see scheme 9.7) Unfortunately, 
protection of the benzoic acid is only possible if the hydroxyl group is masked. This brings extra 
steps into the synthetic sequence. An appropiate protection group for the hydroxyl group would be 
a chloroacetyl group, which easily can be deprotected under mild basic conditions in the presence 
of other esterfuntionalities.206 On the other hand, the choice of blocking group for the benzoic 
moiety is also important. Non-basic and non-acidic deprotection conditions have to be employed to 
                                            
203  Owen, R.; Kiessling, L. L. unpublished results. Robert Owen donated kindly the phtalimide adduct.  
204  Charbonnel-Jobic, G.; Guémas, J.-P.; Adelaere, B.; Parrain, J.-L.; Quintard, J.-P. Bull. Soc. Chim. Fr.  
      1995, 132, 624-636.  
205  The NHS-activated acid chloride 207 was kindly donated by Dr. Jingwang, Xu. 
206  For survey of deprotection conditions for the chloroacetyl group, see: Greene, T. W.; Wuts, P. G. M.  
      Protective Groups in Organic Synthesis, pp. 160-163, John Wiley & Sons, Inc., New York, USA, 1999. 
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ensure a stable environment for the generated capping reagent that contains both labile ester and 
vinyl ether functionalities. The 2-(trimethylsilyl)ethyl ester and the 2-(p-toluenesulfonyl)ethyl ester 
both fulfill these requirements. The former alcohol is commercially available, whereas the latter 
alcohol can be prepared easily by treatment of the sodium salt of p-toluenesulfinic acid with 2-
chloroethanol in refluxing water.207 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 9.7 Protection group strategy, a) Et3N, CH2Cl2, b) Et3N, CH2Cl2, cat. DMAP, c) Et3N, CH2Cl2, cat. 
DMAP. 
 
 
The incorporation of the chloroacetyl group was performed in anhydrous diethyl ether in the 
presence of pyridine208 to give the protected alcohol 210 in 84% as a solid (see scheme 9.8, vide 
infra). Protection of the benzoic acid with either the TMS-ethyl group or Tse group, followed by 
subsequent studies of deprotection conditions of these groups were performed (see figure 9.3). 
The TMS-ethyl ester 211 can be cleaved by fluoride sources (CsF, TAS-F, TBAF),209 however only 
TBAF was effective for our purposes. The Tse ester 213 can also be cleaved by TBAF, but also 
                                            
207  Fromm, E.; Kohn, A. Chem. Ber. 1921, 54, 320-326. 
208  According to the standard procedure: Naruto, M.; Ohno, K.; Naruse, N.; Takeuchi, H. Tetrahedron Lett.  
      1979, 20, 251-254. 
209  Greene, T. W.; Wuts, P. G. M. Protective Groups in Organic Synthesis, pp. 399, 401 John Wiley & Sons,  
      Inc., New York, USA, 1999. 
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sterically tertiary amines (DBU, DBN) can be employed.209 Selective deprotection with these 
amines in the presence of other ester groups have been reported.210  As seen in figure 9.3, DBU 
did indeed affect deprotection of the Tse group without cleavage of the other ester group.  
 
 
 
 
 
 
 
 
 
 
Figure 9.3 Studies of selective cleavage of either TMS-ethyl ester or Tse ester group. 
 
 
On basis of these preliminary experiments, the Tse group was chosen as an appropriate blocking 
group for the benzoic acid. Incorporation of Tse could be accomplished by the use of EDCI in the 
presence of catalytic amount of DMAP in dichloromethane at room temperature to give 212 in 23% 
yield (see scheme 9.8). EDCI was favorable over DCC due to facile removal of the corresponding 
water-soluble urea,211 and the presence of DMAP ensured acceleration of the esterification,212 
whereas HOBt activation led only to the isolation of the HOBt activated acid. It was also observed 
that the use of the highly more active PyBOP in combination with DIPEA in dichloromethane led 
primarily to decomposition of the acetylchloro protected HMBA 210. Selective deprotection of the 
chloroacetyl group was accomplished with the use of thiourea in the presence of sodium 
bicarbonate in methanol at room temperature to give 213 in 94% yield as a white solid.  
 
 
 
 
 
                                            
210  a) Colvin, E. W.; Purcell, T. A.; Raphael, R. A. J. Chem. Soc., Chem. Commun. 1972, 1031-1032, b)  
      Colvin, E. W.; Purcell, T. A.; Raphael, R. A. J. Chem. Soc., Perkin Trans. 1 1976, 1718-1722, c) Tsutsui,  
      H.; Mitsunobo, O. Tetrahedron Lett. 1984, 25, 2163-2166. 
211  Sheehan, J. C.; Cruickshank, P. A.; Boshart, G. L. J. Org. Chem. 1961, 26, 2525-2528. 
212  a) Neises, B.; Steglich, W. Angew. Chem. Int. Ed. Engl. 1978, 17, 522-523, b) Dhaon, M. K.; Olsen, R.  
      K.; Ramasamy, K. J. Org. Chem. 1982, 47, 1962-1965. 
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Scheme 9.8 Synthesis of Tse ester 213, a) ClCH2C(O)Cl, pyridine, diethyl ether, 0 °C, b) TseOH, EDCI, 
DMAP (cat.), CH2Cl2, rt, c) H2NC(S)NH2, NaHCO3, MeOH, rt, d) TBSCl, Et3N, DMAP (cat.), rt, e) TseOH, 
EDCI, DMAP (cat.), CH2Cl2, f) TBAF, AcOH, THF, rt.  
 
 
The low yield in the protection step of the benzoic acid was not acceptable, and was probably 
caused by loss of the chloroacetyl group during the course of reaction leading to a mixture of 
products. For this reason, TBS protection of the alcohol group was investigated. Literature 
procedures213 for synthesis of the tert-butyldimethylsilyloxy benzoic acid 214 from HMBA with the 
use of TBSCl in the presence of imidazole in DMF afforded only the desired product in low yield 
(19%). However, switching to DMAP catalyzed conditions improved the yield to 62%.214  Employing 
the optimized conditions for incorporation of the Tse group proved successful and gave the 
diprotected HMBA 215 in a good 79% yield. Removal of the TBS group could be accomplished 
with the use of TBAF under slightly acidic conditions to give the Tse ester 213 in 60% yield.215 The 
overall yield for this alternative sequence is 29% compared to 18% for the former described 
synthetic sequence with the use of the chloroacetyl group. 
 
                                            
213  Kita, Y.; Akai, S.; Ajimura, N.; Yoshigi, M.; Tsugoshi, T.; Yasuda, H.; Tamura, Y. J. Org. Chem. 1986, 51,  
      4150-4158. 
214  DMAP as catalyst for silylation of alcohols see: Chaudhary, S. K.; Hernandez, O. Tetrahedron Lett. 1979,  
      20, 99-102. 
215  Fluoride treatment of 215 without the presence of acetic acid provided the desired compound 213 in only  
      12% yield due to undesirable cleavage of the Tse ester group.     
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Having the Tse ester 213 in hand the final steps for synthesis of the capping reagent could be 
performed (see scheme 9.9). Esterification of the benzyl alcohol 213 with the acid chloride 207 was 
easily accomplished by stirring at room temperature in the presence of triethylamine and a catalytic 
amount of DMAP in dichloromethane to give the adduct 216 in nearly quantitative yield. Reaction 
of the NHS-ester 216 with the amine 206 under the EDCI-mediated amidation conditions provided 
the Tse-protected capping reagent 217 in excellent 86% yield. Finally, removal of the benzoic 
protection group was attempted with DBU, but this proved unsuccessful and gave only a complex 
mixture. Treatment with TBAF in THF at 0 °C afforded a clean transformation to the corresponding 
unprotected benzoic acid 218 as indicated by spot to spot conversion by TLC analysis. 
Unfortunately, it was not possible to separate 218 from the TBAF-salts. However, mass 
spectroscopic analysis (EI) verified the structure of 218. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 9.9 Synthesis of the capping reagent 218, a) acid chloride 207, Et3N, DMAP (cat.), CH2Cl2, rt,       
b) amine 206, 4-methylmorpholine, EDCI, CH2Cl2, rt, c) TBAF, THF, 0 °C. 
 
 
Eventually, capping reagent 218 was anchored to the PEGA-amine resin via PyBOP-mediated 
peptidecoupling (see scheme 9.10). The reaction was monitored by the Kaiser test,216 which was 
negative after overnight agitating. Noteworthly, DIC-mediated peptidecoupling procedure was not 
sufficient for this system. 
  
                                            
216  Dörwald, F. Z. Organic Synthesis on Solid Phase – Supports, Linkers, Reactions, pp. 6, Wiley-VCH,  
      Germany, 2000. 
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Scheme 9.10 Anchoring the capping reagent 218 to the solid-support (PEGA-amine resin), a) PyBOP, 
HOBt, DIPEA, DMF, overnight shaken, then Ac2O, DIPEA, DMF, 5h.  
 
9.5.3 Synthesis of Capping Reagent on Solid-Phase 
The solid-supported capping reagent was then synthesized entirely on solid-phase (see scheme 
9.11). Coupling of TBS-protected HMBA 214 and subsequent removal of the silyl group was 
performed according to a literature procedure.197b The anchoring to the PEGA-amine resin was 
monitored by Kaiser test, which was negative indicating the absence of free amine on the solid-
phase. Reaction with the acid chloride 207 was performed in CH2Cl2 in the presence of DIPEA. 
This step was monitored by a spot-test for hydroxyl groups.217 Finally, the capping agent 206 was 
installed with the use of HOBt activation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 9.11 Solid-phase synthesis of the solid-supported capping reagent 205, a) HOBt, DIC, DMF, then 
Ac2O, DIPEA, DMF, b) TBAF, AcOH, THF, c) acid chloride 207, DIPEA, CH2Cl2, d) amine 206, HOBt, DMF.  
                                            
217  Kuisle, Oliver.; Lolo, M.; Quiŋoá, E.; Riguera, R. Tetrahedron 1999, 55, 14807-14812. 
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9.5.4 Capping of ROMP Reaction 
Having both batches of capping reagent in hand, their efficiency should then be probed in the ring-
opening polymerization (ROMP) reaction. The methyl ester of a rigid-strain norbornene 222 was 
used as the monomer for the propagating polymer.218 The ROMP reaction was performed in 
degassed dichloromethane in the presence of Grubbs catalyst in varying ratio between catalyst 
and monomer (see table 9.1).  Under these conditions, all the monomer was consumed after 30-40 
min as indicated by TLC analysis. Preliminary experiments via NMR had also shown that at this 
point the polymer was still alive  meaning that all ruthenium carbene was in a propagating 
polymer.219 This is an important criterion for facilitating an anchor of the polymer to the solid-
support. Both excess of solid-supported capping reagent and excess of polymer bound ruthenium 
carbene were examined at the capping step. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 9.1 Capping of ROMP reaction, a) Grubbs catalyst, CH2Cl2, rt, 30-40 min., b) solid-supported 
capping reagent, shaken overnight, rt, c) wash and cleavage (0.1 M NaOH). 
 
 
As depicted in table 9.1, both batches of solid-supported capping reagents capped some polymer, 
which was indicated by 1H NMR. However, it must be pointed out that the crude yields include a 
                                            
218  The monomer was prepared from the Diels-Alder cycloaddition of 1,3-cyclopentadiene and methyl  
      acrylate. Jason Pontrello donated kindly a portion of the carboxylic acid which then subsequently was 
      methylated with TMSCHN2. 
219  These NMR experiments have been performed by Jason Pontrello. In this regard, it has also been  
      observed that ruthenium carbenes were stable in the presence of PEGA-amine resin. 
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Entry Description Monomer Catalyst Capping Reagent Crude Yield
1 solid-phase 40 eq. 1 eq. 3 eq. 4.6 mg (30%)
2 solid-phase 100 eq. 1 eq. 0.33 eq. 2.2 mg (14%)
3 solution 100 eq. 1 eq. 0.33 eq. 4.1 mg (26%)
4 solution 100 eq. 1 eq. 1 eq. 2.3 mg (15%)
100% capped = 15.5 mg
n
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significant amount of decomposed material. This is probably due to the rather harsh cleavage 
conditions. Unfortunately, it was not possible to examine other protocols of cleavage due to lack of 
time. 
 
9.6 Perspective and Concluding Remarks 
A solid-supported capping reagent for the ring-opening metathesis polymerization reaction was 
constructed with the use of a HMBA linker and a PEGA-amine resin. The synthetic steps were 
performed in both solution and on solid-phase. Both batches of capping reagent showed some 
promising results for capping a polymer bound ruthenium carbene. Optimized cleavage conditions 
and/or change of resin may improve the capping ability. 
 
9.7 Experimental 
9.7.1 General Methods220 
NMR spectra were recorded on a Bruker AC-300 spectrometer. Chemical shifts (δ) are given in 
ppm and coupling constants (J) are given in Hz. Internal standards for 13C spectra are as follows: 
CDCl3 δ = 76.93, or CD3OD δ = 49.00.  Internal standards for 1H spectra are as follows: CDCl3 δ = 
7.26, MeOH-d4 δ = 3.49, or TMS δ = 0.00. 1H-1H couplings are assumed to be first order, and 
peak multiplicity is reported as s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), m 
(multiplet), and b (broad). Mass spectra were recorded by ionizising the sample either via fast atom 
bombardement (FAB) or electron ionisation (EI). Melting points were recorded on an 
Electrothermal® melting point apparatus and are uncorrected. Flash chromatography was 
performed on Merck silica gel 60 AA (230-400 mesh). Analytical TLC was performed on 0.25 mm 
pre-coated Merck Silica Gel 60 F254, visualizing with ultraviolet light or permanganate solution 
[KMnO4 (3 g), K2CO3 (20 g), 5% NaOH (aq ), 300 ml  H2O] followed by heating. 
 
9.7.2 Solvents and Reagents 
All materials, unless otherwise noted, were obtained from commercial suppliers and used as 
provided. For flash chromatography, ACS grade methanol and EtOAc was used as purchased, and 
reagent grade hexanes and dichloromethane was distilled before use. 
 
Tetrahydrofuran was distilled from sodium/benzophenone under nitrogen. 
Dichloromethane was distilled from calcium hydride under nitrogen. 
Diethyl ether was distilled from sodium/benzophenone under nitrogen. 
Dimethyl formamide (amine free) was first treated with activated strongly acidic Dowez WX8 
overnight. The solvent was then tested for any traces of amine with a ninhydrin test, followed by 
destillation, and stored over mole sieves. 
Methanol was distilled from magnesium metal under nitrogen. 
Pyridine was distilled from calcium hydride under nitrogen. 
Tetrahydrofuran was distilled from sodium/benzophenone under nitrogen. 
Triethylamine was distilled from calcium hydride under nitrogen. 
 
 
                                            
220  Elemental analysis are not performed for new compounds in the group of Kiessling. 
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Solid-Phase The solid-phase experiments were performed in BioRad® Columns, and a Lab 
Quake was utilized as shaker.  
 
PEGA-amine Resin used as purchased. Loading 0.05 mmol/g for preswollen resin in 
MeOH.221 
Kaiser test216 (test for free amines on resin beads). Solution A, 5 g ninhydrin in 100 ml ethanol; 
solution B, 80 g of liquified phenol in 20 ml of ethanol; solution C, add 2 ml of a 0.001 M  KCN (aq.) 
to 98 ml of pyridine. The test beads were transferred to a small test tube, and to this was added    
40 µl A, 50 µl B, and 100 µl C. The test solution was then heated in boiling water for few minutes. 
A blue color development indicates free amine on resin. Non-modified PEGA-amine resin was 
used as control. 
Spot test217 (test for free hydroxyl groups on resin beads). Solution A, 0.03 M p-TsCl/toluene; 
solution B 0.075 M 4-p-nitrobenzylpyridine/toluene; solution C, 10% piperidine in CHCl3. The test 
beads were transferred to a TLC plate. One drop of solution A and one drop of solution B was 
added, and the TLC plate was heated on a hot plate until the developed orange color was gone. 
One drop of solution C was then added. A Red-violet color indicates free hydroxyl groups on resin. 
Wang resin was used as control. 
      
 
9.7.3 Solution Phase Synthesis 
 
5-methoxy-pent-4-enoic acid benzyl ester (198): 
 
 
 
 
 
 
Methoxymethylphosphonium chloride (1.2 eq., 2.14 g, 6.2 mmol) was dissolved in anhydrous ether 
(10 ml) and the solution was cooled to 0 °C. Potassium tert-butoxide (1 eq., 5.2 mmol, 0.60 g) was 
added to the cold solution and stirred at 0 °C for 30 min. A deep persistent red color was formed. 
The aldehyde 197 (5.2 mmol, 1.00 g) was dissolved in anhydrous diethyl ether (10 ml) and added 
dropwise to the Wittig reagent. The reaction mixture was stirred at 0 °C for 45 min, where upon 
TLC showed a full conversion of the starting material into one product. The reaction mixture was 
diluted with diethyl ether (75 ml), and washed with ice-cold saturated NaCl (25 ml). The aqueous 
layer was extracted twice with diethyl ether (2 x 25 ml), and the combined organic phases were 
dried (Na2SO4), filtered, and concentrated in vacuo. The product 198 was purified by flash 
chromatography (hexane/EtOAc 10:1) and obtained as a colorless oil in a yield of 408 mg (36%). 
1H NMR reveals that E:Z ratio was 2:1. The data for 1H NMR are given for both stereoisomers with 
equivalent number of hydrogens. 
 
Data for 198. 
Rf 0.61 (hexane/EtOAc 2:1). 
 
1H NMR (300 MHz, CDCl3): δ 7.44-7.28 (m, 10H), 6.34 (d, J = 12.8 Hz, 1H), 5.90 (d, J = 6.0 Hz, 
1H), 5.13 (s, 4H), 4.70 (dt, J = 12.8 Hz, J = 7.2 Hz, 1H), 4.40-4.32 (m, 1H), 3.59 (s, 3H), 3.47 (s, 
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3H), 2.44-2.38 (m, 4H), 2.32-2.23 (m, 4H). 13C NMR (75 MHz, CDCl3): δ 172.7 (2C), 148.0, 147.0, 
135.9 (2C), 128.4, 128.1, 128.0, 104.2, 100.6, 66.0, 65.9, 59.4, 55.7, 35.5, 34.3, 23.3, 19.5. 
 
MS-FAB (positive mode, matrix=3-nba), calcd for C13H16O3: [M+H]+ 221.1, [M+Na]+ 243.1. Found 
[M+H]+ 220.9, [M+Na]+ 242.8. 
 
5-methoxy-pent-4-enoic acid (194): 
 
 
 
 
 
 
The starting material 198 (1.9 mmol, 415 mg) was dissolved in THF (10 ml) and KOH (1.2 eq., 2.3 
mmol, 0.5 M, 4.6 ml) was added. The cloudy mixture was stirred at room temperature. After 3h 
showed TLC remaining starting material, H2O (5 ml) was added, and the reaction mixture turned 
transparent. After additional 16h TLC showed a full conversion of the benzyl ester 198, and the 
reaction mixture was concentrated in vacuo. The residue was dissolved in methanol and remaining 
benzyl alcohol was removed by coevaporation in vacuo, followed by high vac. pumping for 3 days. 
Crude yield 340 mg. 
The potassium salt of the carboxylic acid 194 was dissolved in anhydrous methanol (10 ml), and 
prewashed acidic resin (Amberlyst 15) was added until neutralization occurs. The resins were 
filtered off, washed with methanol, and the organic phase was concentrated in vacuo. The 
carboxylic acid 194 was obtained as a white solid in a yield of 250 mg (quant.). The data for 1H 
NMR are given for both stereoisomers with equivalent number of hydrogens. 
 
Data for 194. 
Rf 0.36 (hexane/EtOAc/acetic acid 19:5:1). 
 
1H NMR (300 MHz, CDCl3): δ 6.35 (d, J = 12.5 Hz, 1H), 5.90 (dt, J = 6.4 Hz, J = 1.3 Hz, 1H), 4.84-
4.74 (m,1H), 4.42-4.34 (m, 1H), 3.56 (s, 3H), 3.47 (s, 3H), 2.37-2.16 (m, 8H). 13C NMR (75 MHz, 
CDCl3): δ 181.2 (2C), 149.6, 148.5, 103.9 (2C), 57.0, 54.2, 39.9, 38.5, 26.3, 23.0. 
 
MS-EI, Calcd for C6H8O3:  [M]+ 130.1. Found [M]+ 130.1. 
 
 
4-(5-methoxy-pent-4-enoyloxymethyl)-benzoic acid (202): 
 
 
 
 
 
 
4-Pentenoic acid (196) (0.55 mmol, 60 µl) was combined with DCC (1.2 eq., 0.66 mmol, 136 mg) in 
anhydrous CH2Cl2 (10 ml) together with cat. amount of DMAP.  The reaction mixture is stirred at rt 
for 6h. A precipitate is observed and TLC showed formation of a new spot. Anhydrous DMF (5 ml) 
was added and all got in solution. TLC showed after additional 20h a full conversion of the starting 
material. 4-Hydroxymethylbenzoic acid (1.2 eq., 0.66 mmol, 100 mg) was added and the reaction 
mixture was stirred for 1 day, and then concentrated in vacuo. The residue was taken up in CH2Cl2, 
and precipitated material was removed by filtration. The organic phase was washed with H2O, 
dried (Na2SO4), filtered, and concentrated in vacuo. Flash chromatography (hexane/EtOAc 4:1) 
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afforded isolation of two products, the DCC-activated acid (45 mg), and the desired product 202 in 
a yield of 13 mg (10%). 
 
Data for 202. 
Rf 0.71 (EtOAc). 
 
1H NMR (300 MHz, CDCl3): δ 8.11 (d, J = 8.1 Hz, 2H), 7.45 (d, J = 8.1 Hz, 2H), 5.83 (ddt, J = 17.0 
Hz, J = 10.5 Hz, J = 6.2 Hz, 1H), 5.20 (s, 2H), 5.11-4.97 (m, 2H), 2.55-2.47 (m, 2H), 2.47-2.37 (m, 
2H).  
 
 
pentanedioic acid 2,5-dioxo-pyrrolidin-1-yl ester 4-methoxycarbonyl-benzyl ester (209): 
 
 
 
 
 
 
 
 
The methyl ester of 4-hydroxymethylbenzoic acid (200) (0.33 mmol, 55 mg) was dissolved in 
anhydrous CH2Cl2 (5 ml). Triethylamine (1.5 eq., 0.50 mmol, 70 µl), acid chloride 207 (1.2 eq., 0.40 
mmol, 98 mg), and cat. amount of DMAP were added. The reaction mixture was stirred at rt for 
4.5h, and then diluted with CH2Cl2 (20 ml). The organic phase was washed with H2O (10 ml); the 
aqueous layer was extracted once with CH2Cl2 (10 ml). The combined organic phases were dried 
Na2SO4, filtered, and concentrated in vacuo. The product 209 was purified by flash 
chromatography (CH2Cl2/MeOH 95:5) and obtained as a syrup in a yield of 116 mg (71%). 
 
Data for 209. 
Rf 0.52 (CH2Cl2/MeOH 9:1). 
 
1H NMR (300 MHz, CDCl3): δ 8.04 (d, J = 8.0 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 5.20 (bs, 2H), 3.93 
(s, 3H), 2.83 (bs, 4H), 2.72 (t, J = 7.2 Hz, 2H), 2.55 (t,  J = 7.2 Hz, 2H), 2.10 (q,  J = 7.2 Hz, 2H). 
13C NMR (75 MHz, CDCl3): δ 171.9, 168.9 (2C), 1167.8, 166.5, 140.7, 129.7, 129.6, 127.5, 65.4, 
51.9, 32.3, 29.8, 25.4 (2C), 19.5. 
 
 
4-(2-chloro-acetoxymethyl)-benzoic acid (210): 
 
 
 
 
 
 
 
 
4-Hydroxymethylbenzoic acid (HMBA) (3.3 mmol, 500mg) was suspended in anhydrous diethyl 
ether (20 ml), flushed with N2 for 15 min, followed by addition of pyridine (3 eq., 9.9 mmol, 0.8 ml). 
The suspension was cooled to 0 °C, and chloroacetyl chloride (1.5 eq., 5 mmol, 0.4 ml) was added 
under an atmosphere of N2. A white precipitate was observed. The reaction mixture was stirred at 
0 °C for 3h. At this point TLC showed full conversion of the starting material. The reaction mixture 
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was diluted with diethyl ether (50 ml), washed with sat. NaCl (25 ml); the aqueous layer was 
extracted once with diethyl ether (25 ml). The combined organic phases were dried (Na2SO4), 
filtered, and concentrated in vacuo. The chloroacetyl protected HMBA 210 was obtained as a off 
white solid after flash chromatography (CH2Cl2/MeOH 98:2) in a yield of 630 mg (84%). 
 
Data for 210. 
Rf 0.36 (CH2Cl2/MeOH 9:1). M.p. 151-153 °C. 
 
1H NMR (300 MHz, CDCl3): δ 8.13 (d, J = 8.6 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 5.29 (s, 2H), 4.13 
(s, 2H). 13C NMR (75 MHz, CDCl3): δ 171.0, 162.7, 140.7, 130.5, 129.4, 127.9, 66.9, 40.6. 
 
MS-FAB (positive mode, matrix = 3-nba), Calcd for C10H9ClO4:  [M]+ 228.0; [M+Na]+ 251.0. Found 
[M]+ 227.9; [M+Na]+ 250.8. 
 
 
4-(2-chloro-acetoxymethyl)-benzoic acid 2-(toluene-4-sulfonyl)-ethyl ester (212): 
 
 
 
 
 
 
 
 
The carboxylic acid 210 (0.88 mmol, 200 mg) was suspended in CH2Cl2 (15 ml). By addition of 
EDCI (2 eq., 1.32 mmol, 253 mg) all goes in solution. The reaction mixture was stirred at rt in 
presence of cat. amount of DMAP for 15 min. Then a 2 ml solution of Tse (1.5 eq., 1.32 mmol, 264 
mg) in CH2Cl2 was added, and the clear solution was stirred at rt for 3.5h. No change in TLC was 
observed. Additional amount of DMAP, 0.5 eq. of EDCI (84 mg), and 0.5 eq. of Tse (88 mg) was 
added, and the reaction mixture was stirred for additional 17h. Again no change in TLC was 
observed. The reaction mixture was diluted with CH2Cl2 (50 ml), washed with H2O (3 x 25 ml), 
dried (Na2SO4), filtered, and concentrated in vacuo. The product 212 was isolated after flash 
chromatography (CH2Cl2 → CH2Cl2/MeOH 99:1) as a off white solid in a yield of 83 mg (23%). 
 
Data for 214. 
Rf 0.64 (CH2Cl2/MeOH 9:1). M.p. 110-111 °C. 
 
1H NMR (300 MHz, CDCl3): δ 7.80 (d, J = 8.0 Hz, 2H), 7.74 (d, J = 8.5 Hz, 2H), 7.36 (d, J = 8.0 Hz, 
2H), 7.29 (d, J = 8.5 Hz, 2H), 5.24 (s, 2H), 4.64 (t, J = 5.9 Hz, 2H) 4.13 (s, 2H), 3.54 (t, J = 5.9 Hz, 
2H), 2.35 (s, 3H). 13C NMR (75 MHz, CDCl3): δ 166.8, 165.1, 144.8, 140.2, 136.4, 129.8 (2C), 
129.1, 127.9, 127.5, 66.7, 58.3, 55.1, 40.6, 21.4. 
 
MS-FAB (positive mode, matrix = 3-nba), Calcd for C19H19ClO6S: [M+Na]+ 433.0. Found: [M+Na]+ 
433.0. 
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4-hydroxymethyl-benzoic acid 2-(toluene-4-sulfonyl)ethyl ester (213): 
 
 
 
 
 
 
 
The chloroacetyl protected alcohol 212 (0.19 mmol, 80 mg) was dissolved in THF/MeOH (1:2, 3 
ml), and sodium bicarbonate (2 eq., 0.38 mmol, 32 mg) and thiourea (1.1 eq., 0.21 mmol, 16 mg) 
was added. The reaction mixture was stirred at rt for 4h, and then concentrated in vacuo. The 
product 213 was isolated as a white solid after flash chromatography (CH2Cl2/MeOH 99:1) in a 
yield of 60 mg (94%). 
 
Data for 213. 
Rf 0.48 (CH2Cl2/MeOH 9:1). M.p. 128-129 °C. 
 
1H NMR (300 MHz, CDCl3): δ 7.79 (bd, J = 8.5 Hz, 2H), 7.70 (bd, J = 8.1 Hz, 2H), 7.34 (d, J = 8.5 
Hz, 2H), 7.28 (d, J = 8.1 Hz, 2H), 4.73 (s, 2H), 4.62 (t, J = 5.8 Hz, 2H), 3.57 (t, J = 5.8 Hz, 2H), 
2.35 (s, 3H). 13C NMR (75 MHz, CDCl3): δ 165.5, 146.5, 144.9, 136.3, 129.9, 129.7 (2C), 127.9, 
126.1, 64.3, 58.1, 55.1, 21.4. 
 
MS-FAB (positive mode, matrix = 3-nba), Calcd for C17H18O5S: [M+Na]+ 357.1. Found: [M+Na]+ 
357.1. 
 
 
4-(tert-butyl-dimethyl-silyloxymethyl)-benzoic acid (214): 
 
 
 
 
 
 
 
 
4-Hydroxymethylbenzoic acid (HMBA) (1.97 mmol, 300 mg) was dissolved in anhydrous DMF (5 
ml), and to this were added tert-butyldimethylsilyl chloride (1.2 eq., 2.36 mmol, 356 mg), Et3N (2 
eq., 3.94 mmol, 0.55 ml), and a catalytic amount of DMAP. At the addition of triethylamine the 
reaction mixture turns slurry. The reaction mixture is stirred at rt for 2 days and then concentrated 
in vacuo. The residue was dissolved in CH2Cl2 (50 ml), washed with 10% citric acid (25 ml), and 
with H2O (25 ml), dried (Na2SO4), filtered, and concentrated in vacuo. The TBS protected alcohol 
214 is isolated as colorless crystals after flash chromatography (CH2Cl2/MeOH 99:1) in a yield of 
321 mg (61%). 
 
Data for 214. 
Rf 0.66 (CH2Cl2/MeOH 9:1). M.p. 153-154 °C. (Lit. m.p. 157-159 °C).213 
 
1H NMR (300 MHz, CDCl3): δ 8.09 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 4.80 (s, 2H), 0.96 
(s, 9H), 0.13 (s, 6H). 13C NMR (75 MHz, CDCl3): δ 171.8, 147.6, 130.1, 128.0, 125.6, 64.4, 25.8 
(3C), 18.3, -5.4 (2C). 
 
The NMR data are in accordance with the literature.213 
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4-(tert-butyl-dimethyl-silyloxymethyl)-benzoic acid 2-(toluene-4-sulfonyl)-ethyl ester (215): 
 
 
 
 
 
 
 
 
The carboxylic acid 214 (100 mg, 0.38 mmol) was combined with EDCI (1.5 eq., 0.56 mmol, 110 
mg) and cat. DMAP in anhydrous CH2Cl2 (5 ml) and stirred at rt for 15 min. Tse (1.5 eq., 0.56 
mmol, 115 mg) was added and the reaction mixture was stirred at rt for 19h. At this point TLC 
showed some remaining starting material (~10%), a cat. portion of DMAP was added and the 
reaction was stirred at rt for further 2h, without any change in TLC. The reaction mixture was 
diluted with CH2Cl2 (50 ml), washed with H2O (2 x 20 ml), dried (Na2SO4), filtered, and 
concentrated in vacuo. The product 215 was obtained after flash chromatography (CH2Cl2/MeOH 
99:1) as a white solid in a yield of 133 mg (79%). 
 
Data for 215. 
Rf 0.65 (CH2Cl2/MeOH 9:1). M.p. 88-90 °C. 
 
1H NMR (300 MHz, CDCl3): δ 7.82 (d, J = 8.1 Hz, 2H), 7.68 (d, J = 8.1 Hz, 2H), 7.32 (d, J = 6.2 Hz, 
2H), 7.29 (d, J = 6.2 Hz, 2H), 4.79 (s, 2H), 4.65 (t, J = 5.9 Hz, 2H), 3.60 (t, J = 5.9 Hz, 2H), 0.97 (s, 
9H), 0.13 (s, 6H). 13C NMR (75 MHz, CDCl3): δ 165.6, 147.2, 144.8, 136.5, 129.9, 129.5, 128.0, 
127.5, 125.4, 64.3, 58.2, 55.2, 25.8 (3C), 21.5, 18.3, -5.4 (2C). 
 
MS-FAB (positive mode, matrix = 3-nba), Calcd for C23H32O5SSi  [M+Na]+ 471.2. Found: [M+Na]+ 
471.1. 
 
 
4-hydroxymethyl-benzoic acid 2-(toluene-4-sulfonyl)ethyl ester (213): 
 
 
 
 
 
 
 
The TBS-protected alcohol 215 (0.22 mmol, 100 mg) was combined with TBAF (1.2 eq., 0.27 
mmol, 0.27 ml) and acetic acid (1.2 eq., 0.27 mmol, 15 µl) in THF (5 ml) and stirred at rt for 24h. At 
this point TLC showed remaining starting material, but also traces of the unwanted deprotection of 
the Tse group. The reaction mixture was diluted with CH2Cl2 (50 ml) and washed with H2O (20 ml). 
The aqueous phase was extracted once with CH2Cl2 (50 ml). The combined organic phases were 
dried (Na2SO4), filtered, and concentrated in vacuo. The unprotected alcohol 213 was afforded in a 
yield of 45 mg (60%).  
 
All NMR data were in accordance with the above results for 213.  
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pentanedioic acid 2,5-dioxo-pyrrolidin-1-yl ester 4-[2-(toluene-4-sulfonyl)-ethoxycarbonyl]-
benzyl ester (216): 
 
 
 
 
 
 
 
The unprotected alcohol 213 (0.17 mmol, 58 mg) was dissolved in CH2Cl2 (4 ml), and to this 
solution was added the acid chloride 207 (1.2 eq., 0.21 mmol, 52 mg), Et3N (1.5 eq., 0.26 mmol, 36 
µl) and cat. DMAP. The reaction mixture was stirred at rt for 2.5h, where upon a fresh portion of 
acid chloride 207 (0.1 eq., 0.017 mmol, 4 mg) was added in. The reaction mixture was stirred for 
further 1h, and then concentrated in vacuo. The product 216 was obtained as syrup after 
purification by flash chromatography (CH2Cl2/MeOH 99:1) in a yield of 92 mg (99%).  
 
Data for 216. 
Rf 0.50 (CH2Cl2/MeOH 9:1). 
 
1H NMR (300 MHz, CDCl3): δ 7.73 (ddd, J = 8.4 Hz, J = 1.8 Hz, J = 1.8 Hz, 2H), 7.64 (d, J = 8.4 
Hz, J = 1.8 Hz, J = 1.8 Hz, 2H), 7.27 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), 5.09 (s, 2H), 4.58 
(t, J = 5.9 Hz, 2H), 3.53 (t, J = 5.9 Hz, 2H), 2.76 (s, 4H), 2.65 (t, J = 7.3 Hz, 2H), 2.48 (t, J = 7.1 Hz, 
2H), 2.28 (s, 3H), 2.02 (p, J = 7.3 Hz, J = 7.1 Hz, 2H). 13C NMR (75 MHz, CDCl3): δ 171.9, 169.0, 
168.9, 167.8, 165.1, 144.7, 141.1, 136.3, 129.8, 129.7, 128.6, 127.9, 127.3, 65.3, 58.2, 55.2, 55.0, 
32.3, 29.8, 25.4, 21.3, 19.5. 
 
MS-FAB (positive mode, matrix = 3-nba), Calcd for C25H23NO10S: [M+Na]+ 568.1. Found: [M+Na]+ 
568.0. 
 
 
4-[4-(5-methoxy-pent-4-enylaminocarbonyl)-butyryloxymethyl]-benzoic acid 2-(toluene-4-
sulfonyl)-ethyl ester (217): 
 
 
 
 
 
 
 
 
 
 
 
 
 
The starting material 216 (0.17 mmol, 90 mg) was dissolved in anhydrous CH2Cl2 (5 ml), and to 
this was added amine 206 (2.5 eq., 0.41 mmol, 48 mg, dissolved in 2.5 ml CH2Cl2), N-methyl 
morpholine (2 eq., 0.39 mol, 36 µl), and EDCI (1.5 eq., 0.25 mmol, 47 mg). The reaction mixture 
was stirred at rt for 2.5h. At this point TLC showed a full conversion of the starting material. The 
reaction mixture was diluted with CH2Cl2 (25 ml), washed with H2O (2 x 15 ml), dried (Na2SO4), and 
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concentrated in vacuo. The off white solid 217 was obtained in a yield of 77 mg (86%) after flash 
chromatography (CH2Cl2/MeOH 97:3) in almost equal amounts of the E and Z olefin. 
 
Data for 217. 
Rf 0.48 (CH2Cl2/MeOH 9:1), mp. 51-53 °C. 
 
1H NMR (300 MHz, CDCl3): δ 7.74 (bd, J = 8.5 Hz, 2H), 7.73 (bd, J = 8.0 Hz, 2H), 7.67 (bd, J = 8.5 
Hz, 2H), 7.66 (bd, J = 8.0 Hz, 2H), 7.27 (bd, J = 8.6 Hz, 4H), 7.23 (bd, J = 8.6 Hz, 4H), 6.24 (d, J = 
12.4 Hz, 1H), 5.86 (bd, J = 6.2 Hz, 1H), 5.67 (bs, 1H), 5.41 (bs, 1H), 5.67 (bs, 4H), 4.65 (dt, J = 
12.4 Hz, J = 7.3 Hz, 1H), 4.58 (t, J = 5.9 Hz, 4H), 4.26 (dt, J = 7.7 Hz, J = 6.2 Hz, 1H), 3.52 (t, J = 
5.9 Hz, 4H), 3.52 (s, 3H), 3.44 (s, 3H), 3.19 (p, J = 6.4 Hz, 4H), 2.40 (t, J = 6.4 Hz, 4H), 2.30 (bs, 
6H), 2.16 (t, J = 7.3 Hz, 4H), 2.07-1.84 (m, 4H), 1.92 (p, J = 6.4 Hz, 4H), 1.53-1.41 (m, 4H). 13C 
NMR (75 MHz, CDCl3): δ 172.6, 171.7, 171.6, 165.2, 147.4, 146.8, 144.8, 141.3, 136.3, 129.9, 
129.7, 128.6, 127.9, 127.3, 105.2, 101.6, 65.1, 59.4, 58.2, 55.8, 55.1, 38.7, 38.3, 35.3, 35.2, 33.1, 
30.4, 28.7, 24.9, 21.4, 20.7. 
MS-FAB (positive mode, matrix = 3-nba), Calcd for C28H35NO8S: [M+Na]+ 568.2. Found: [M+Na]+ 
568.1. 
 
 
4-[4-(5-methoxy-pent-4-enylaminocarbonyl)-butyryloxymethyl benzoic acid (218): 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Tse protected carboxylic acid 217 (45 mg, 0.08 mmol) was dissolved in THF (5 ml), and the 
solution was cooled to 0 °C. At this temperature TBAF (2 eq., 0.17 mmol, 0.17 ml) was added and 
the reaction mixture was stirred at 0 °C for 45 min. The reaction mixture was diluted with CH2Cl2 
(25 ml), washed with H2O (10 ml). The aqueous phase was extracted once with CH2Cl2 (10 ml). 
The combined organic phases were dried (Na2SO4), filtered, and concentrated in vacuo. The crude 
material was purified twice by flash chromatography (CH2Cl2/MeOH 98:2). It was not possible to 
get a pure compound, due to the fact that TBAF salts were co-eluting with the product 218, and 
that 218 was tailing on the column. Yield was 23 mg (79%) after two columns. The product was a 
yellowish oil. The product was used as it was for coupling to PEGA-amine resin. 
 
Data for 218. 
Rf 0.27 (CH2Cl2/MeOH 9:1). 
 
1H NMR (300 MHz, CDCl3): δ 8.05 (bd, J = 8.4 Hz, 2H), 7.40 (bd, J = 8.4 Hz, 2H), 6.29 (d, J = 12.6 
Hz, 1H), 5.91 (bd, J = 6.2 Hz, 1H), 5.66 (bs, 1H), 5.41 (bs, 1H), 5.16 (bs, 4H), 4.68 (dt, J = 12.6 Hz, 
J = 7.4 Hz, 1H), 4.36-4.26 (m, 1H), 3.56 (s, 3H), 3.48 (s, 3H), 3.29-3.15 (m, 4H), 2.61 (t, J = 6.7 Hz, 
2H), 2.44 (t, J = 7.0 Hz, 2H), 2.23 (t, J = 7.3 Hz, 4H), 2.03-1.83 (m, 4H), 1.96 (p, J = 7.0 Hz, 4H), 
1.53 (t, J = 7.0 Hz, 4H). 13C NMR (75 MHz, CDCl3): δ 234.9, 172.8, 169.2, 147.5, 146.9, 141.1 
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(2C), 130.2, 127.5 105.3, 101.7, 68.2, 68.1, 55.8, 55.4, 38.9, 38.4, 35.4, 35.3, 33.1, 30.4, 28.7, 
25.0, 20.8, 20.7. 
 
MS-EI (addition of NaTFA), Calcd for C19H25NO6: [M+H]+ 364.2; [M+Na]+ 386.2. Found: [M+H]+ 
364.1; [M+Na]+ 386.1. 
 
 
9.7.4 Coupling of Benzoic Acid 218 to the PEGA-Amine Resin 
The PEGA-amine resin (53 mg, 1 eq) was preswollen in MeOH, weight into a BioRad column, and 
washed with amine free DMF (10x1 ml). To the resin was added benzoic acid 218 (10 mg, ~10 
eq.), HOBt (3.6 mg, 10 eq.), PyBOP (13.8 mg, 10 eq.), DIPEA (7 µl, 15 eq.) and DMF (1 ml). The 
column was shaken overnight. Kaiser test showed no free amines on the resin. The resin 205 was 
now ready for capping the ROMP reaction (see section 9.11). 
 
9.7.5 Solid-Phase Synthesis of Capping Reagent  General Procedure 
The PEGA-amine resin (159 mg, 8 µmol, 1 eq.) was preswollen in anhydrous MeOH, weight into a 
BIORad Column, and washed with amine-free DMF (20x1 ml). TBS-protected HMBA 213 (21 mg, 
10 eq.), HOBt (11 mg, 10 eq.), DIC (12 µl, 10 eq.), and DMF (1 ml) were added to the resin, and 
the column was shaken overnight on a LabQuake. The column was drained, and Kaiser test was 
performed on few beads (control PEGA-amine resin). The Kaiser test was negative (no colour 
change) indicating no free amines on the resin. The resin was washed with CH2Cl2 (5x1 ml), MeOH 
(5x1 ml), and DMF (8x1 ml). A flow of nitrogen was used for agitating the resin. Amine free DMF 
was added (1 ml) together with DIPEA (4 drops) and Ac2O (4 drops). The resin was drained, and 
washed with CH2Cl2 (5x1 ml), MeOH (5x1 ml), and THF (5x1 ml). Anhydrous THF (1 ml) was 
added together with TBAF (40 µl) and acetic acid (40 µl), and the resin was shaken for 3h, followed 
by washing the resin with THF (5x1 ml) and CH3CN (5x1 ml). Spot test for free alcohol groups was 
applied for few beads with the Wang resin as control. The test showed free alcohol groups (reddish 
color). The resin was washed with CH2Cl2 (5x1 ml), and added the acid chloride 207 (10 mg, 5 
eq.), DIPEA (7 µl, 5 eq.) and CH2Cl2 (1 ml). The column was shaken overnight. The resin was 
washed with CH2Cl2 (5x1 ml) and MeOH (5x1 ml). Subsequent spot test for free alcohol groups 
was negative. The resin was washed with amine free DMF (10x1 ml), and then HOBt (5.5 mg, 5 
eq.), amine 206 (5.5 mg, 6 eq.) and DMF (1 ml) was added. The column was shaken overnight, 
then drained, washed with CH2Cl2 (5x1 ml), MeOH (5x1 ml), and finally CH2Cl2 (5x1 ml). The resin 
205 was now ready for capping the ROMP reaction (see section 9.11). 
 
 
9.7.6 Capping of ROMP Reaction  General Procedure 
The monomer 222 (120 mg, 100 eq.) was dissolved in degassed CH2Cl2 (0.5 ml) and to this 
solution was added Grubbs catalyst (6.5 mg, 1 eq.) dissolved in 0.5 ml CH2Cl2. The reaction was 
stirred at rt for 30 min. At this point indicated TLC no remaining monomer. The reaction mixture 
was transferred immediately to a BioRad column containing prepared capping reagent 205 (0.33 
eq.) (see section 9.9 and 9.10), and shaken overnight. The resin was drained and washed with 
CH2Cl2 (5x1 ml) and MeOH (5x1 ml). The combined organic phases were concentrated in vacuo, 
and put on high vacuum pump. Analysis of 1H NMR was subsequent executed. Any capped 
material was cleaved off the resin with diluted basic conditions (0.1 M NaOH, 1 ml) with shaking for 
2h. The resin was then directly drained into saturated NH4Cl (1 ml), and washed with CH3CN (5x1 
ml). The combined solvents were concentrated to minimal volume, and CH2Cl2 (5-10 ml) was 
added together with Na2SO4 and stirred for 30 min. Then solid material was filtered off, and the 
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filtrate was concentrated in vacuo, and put on high vacuum pump. Analysis via 1H NMR was then 
subsequent executed. 
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Chapter 10 
 
  
 
Experimental        
 
10.1 Introduction 
This chapter will describe the experimental details for the research, which has been performed at the 
Technical University of Denmark. The numbering of the compounds is consistent with the numbering in 
chapter 1 to chapter 8. Compounds that have previous not been marked are here given a number. 
 
10.2 General Methods 
NMR spectra were recorded on Bruker AC-200 or a Varian Mercury 300. Chemical shifts (δ) are 
given in ppm and coupling constants (J) are given in Hz. Internal standards for 13C spectra are as 
follows: CDCl3 δ = 76.9, or MeOH-d4 δ = 49.00.  Internal standards for 1H spectra are as follows: 
CDCl3 δ = 7.26, CD3OD δ = 3.49, or TMS δ = 0.00. 1H-1H couplings are assumed to be first order, 
and peak multiplicity is reported as s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), m 
(multiplet), and b (broad). Optical rotations were measured on a Perkin-Elmer 241 polarimeter. 
[α]DT refers to rotations measured at the given temperature T given in °C. The concentration c is 
given in g/100 ml. Melting points are uncorrected. Flash chromatography was performed on silica 
gel 60 AA (35-70 µm), silica gel (15-40 µm) or florisil material. TLC was perfomed on aluminium 
sheets coated with silica gel, Merck 60 F254. The compounds were visualized by Cemol 
[Ce(NH4)2(NO3)6 (2.5 g), (NH4)6Mo7O24·H2O (6.25 g) in 10% H2SO4 (aq), 250 ml] or permanganate 
solution [KMnO4 (3 g), K2CO3 (20 g), 5% NaOH (aq ), 300 ml  H2O] followed by heating. 
Measurements of contents of water in solvents were performed by titration on a Karl-Fisher 
Coulometer, Metrohn KF 737. The University of Copenhagen, Denmark and University of Vienna, 
Austria performed the elemental analysis, which were attempted on all new compounds. If nothing 
else is stated, the analysis was performed on an isomeric pure compound. If the elemental 
analysis could not be accomplished, an analysis of mass was normally executed. Nordic 
Bioscience A/S, Herlev performed the MALDI-TOF MS measurement, and MS EI analyses were 
carried out at the University of Copenhagen. Some of the reactions are performed under sonication 
using a Branson 1210 sonicator with temperature control. 
 
10.3 Solvents and Reagents 
If not anything else stated, commercially reagents and gases were used as purchased. For flash 
chromatography Et2O and methanol (HPLC grade) was used as purchased, but all other solvents 
were distilled before use.  
Acrolein was destilled and stabilized with 0.1% hydroquinone. Stored cold. 
Benzylamine was predried over calcium hydride, and distilled from calcium hydride. 
Cerium(III) chloride (anhydrous, Aldrich 45,075-8) was stored in ampoules under argon, and 
predried on a sand bath (aprox. 225 °C) overnight in vacuo prior to use. 
Dichloromethane was destilled from calcium hydride under nitrogen atmosphere. 
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DMF was predried over anhydrous MgSO4, destilled, and kept over 4Å molecular sieves. Typical 
content of water 13-15 ppm. 
Methanol was dried over 4Å molecular sieves. 
Pyridine was predried over 4Å molecular sieves, and then distilled form calcium hydride under an 
argon atmosphere. Only freshly distilled pyridine was used. Typical content of water: 25-40 ppm. 
Propargyl bromide was synthesized according to literature procedures,222 and occasionally 
redistilled. 
Sodium iodide was ground into a fine powder, and then dried on a sand bath (approx. 225 °C) 
overnight in vacuo before use. 
THF was distilled from sodium and benzophenone, and only freshly distilled THF was used. 
Trichlorobenzenesulonyl chloride was synthesized according to literature procedure110 and 
recrystallized in argon atmosphere prior to use. 
Triethylamine  was predried over KOH pellets. 
Trimethylsilylethynylmagnesium bromide was prepared by the following procedure: magnesium 
(231 mg, 9.6 mol) was reacted with ethyl bromide (0.9 ml,12 mmol) in anhydrous THF (15 ml) 
under an argon atmosphere at 0 °C for 45 min followed by stirring at rt for 1h. The reaction mixture 
was then cooled to 0 °C and trimethylsilyl acetylene (1.5 ml, 10.5 mmol) was added and the 
solution was stirred at 0 °C for 15 min followed by stirring at rt for 45 min. The 0.6 M solution was 
now ready for reaction with cerium(III) chloride as described vide infra. 
Zn (d<10 micron, Aldrich 20,998-8) was acid activated and dried immediately before use. 
Procedure for acid activation: Zn in 1-2 N HCl (aq.) was stirred at rt for 20 minutes, then filtered, 
and washed with H2O (50 ml) and Et2O (50ml). The zinc dust was dried with a heat gun under 
vacuum (3-4 mmHg). 
 
10.4 Synthesis of 5-Deoxy-5-Iodopentofuranosides 
Methyl 5-deoxy-5-iodo-α-D-arabinofuranoside (144α) 
 
 
 
 
 
 
 
The α-D-arabinofuranoside 138α (500 mg, 3.1 mmol) was weight into a flame-dried flask, and 
traces of water were removed by co-evaporation with anhydrous pyridine. The furanoside was 
dried over night in vacuo (3-4 mmHg). The starting material was redissolved in 6 ml anhydrous 
pyridine, and the reaction mixture was cooled to 15 °C and degassed with argon. TClCl (1.3 eq., 
4.0 mmol, 1.11 mg) was weight into a flame-dried flask, and dissolved in 2 ml anhydrous pyridine. 
The sulfonylating reagent was added to the cold reaction mixture, and the reaction mixture was 
stirred at 15 °C for 90 min, followed by 30 min at rt. At this point indicated TLC (CH2Cl2/MeOH 
9:1) traces of the starting material, whereupon 0.1 eq. (85 mg dissolved in 1 ml anhydrous 
pyridine) was added in. The reaction mixture was stirred for further 1h, and then quenched by 
anhydrous DMF (0.2 ml) by stirring for 15 min at rt. The flask was then placed in a water bath and 
dry NaI (3 eq., 9.2 mmol, 1.4 g) was added to the reaction mixture. The reaction mixture was 
degassed (argon), and heated to 40 °C for 1.5h.  EtOAc (100 ml) was added to the cooled reaction 
mixture, and the organic phase was washed with 1 M HCl (20 ml). The acidic water phase was 
washed subsequently with 2 x 100 ml EtOAc. The combined organic phases were dried 
(anhydrous Na2SO4), filtered and concentrated in vacuo with a minor amount of silica gel. The 
crude material was flushed through a short column with EtOAc, followed by purification by flash 
                                            
222  Gaudemar, P. M. Ann. de Chim. 13e série 1956, 161-213. 
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chromatography (EtOAc/hexane 9:1). The title compound 144α was obtained as a colorless syrup 
in a yield of 473 mg (57%). The compound is unstable on standing. 
 
Data for 144α.  
Rf  0.67 (EtOAc). 
 
1H NMR (300 MHz, CD3OD) δ: 4.74 (d, J = 1.9 Hz, 1H, H-1), 4.06 (dd, J = 3.7 Hz, J = 1.9 Hz, 1H, 
H-2), 3.87 (ddd, J = 6.2 Hz, J = 6.2 Hz, J = 4.8 Hz, 1H, H-4), 3.81 (dd, J = 6.2 Hz, J = 3.7 Hz, 1H, 
H-3), 3.53 (dd, J = 10.5 Hz, J = 4.8 Hz, 1H, H-5), 3.44 (s, 3H, OCH3), 3.38 (dd, J = 10.5 Hz, J = 6.2 
Hz, 1H, H-5). 13C NMR (75 MHz, CD3OD) δ: 110.5, 83.9, 83.7, 82.2, 55.4, 6.5  
 
 
Methyl 5-deoxy-2,3-O-bis(triethylsilyl)-5-iodo-α-D-arabinofuranoside (145α) 
 
 
 
 
 
 
 
The methyl α-D-arabinofuranoside 138α (500 mg, 3.1 mmol) was sulfonylated with TClCl (1.3 eq., 
1.11 g) in 9 ml anhydrous pyridine as described above for 144α (1.1 eq. At 15 °C, and 0.2 eq. at 
rt). The reaction mixture was quenched with anhydrous DMF (1.8 ml) giving a solvent mixture of 
5:1 favoring pyridine. After introduction of iodine, the reaction mixture was cooled to 0 °C, and 
triethylsilyl chloride (5 eq., 15.3 mmol, 2.6 ml) was cannulated directly into the reaction mixture. 
The solution was stirred over night at rt. The reaction mixture was diluted with hexane (100 ml), 
washed with H20 (3 x 25 ml), dried (anhydrous Na2SO4), filtered, and concentrated in vacuo. The 
crude material was purified by flash chromatography (hexane/Et3N 99:1 → hexane/EtOAc/Et3N 
97:2:1), and the title product 145α was obtained as a colorless oil in a yield of 805 mg (53%).  
 
Data for 145α.  
Rf  0.72 (hexane/EtOAc 9:1), [α]D22 +42.9 (c 2.00, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 4.74 (d, J = 2.0 Hz, 1H, H-1), 4.08 (ddd, J = 4.0 Hz, J = 2.0 Hz, J = 
0.7 Hz 1H, H-2), 3.85 (dd, J = 6.2 Hz, J = 4.0 Hz, 1H, H-3), 3.78 (ddd, J = 6.2 Hz, J = 5.7 Hz, J = 
4.5 Hz, 1H, H-4), 3.45 (dd, J = 10.7 Hz, J = 4.5 Hz, 1H, H-5), 3.38 (d, J = 0.7 Hz, 3H, OCH3), 3.25 
(dd, J = 10.7 Hz, J = 5.7 Hz, 1H, H-5), 0.97 (t, J = 8.0 Hz, 18H), 0.69-0.58 (m, 12H). 13C NMR (75 
MHz, CDCl3) δ: 109.3 (C-1), 84.0 (C-2), 82.1 (C-3), 81.7 (C-4), 55.2 (OCH3), 7.2 (C-5), 6.7 (2C, 
TES), 5.0 (TES), 4.7 (TES).  
 
The NMR data are in accordance with earlier unpublished results from the group.223 
 
 
 
 
 
 
 
 
                                            
223  Hyldtoft, L. Zinc-Mediated Fragmentation of ω-Iodoglycosides: A New Route to Functionalized  
      Carbocyles, Ph.D. Thesis, Technical University of Denmark, 2000. 
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Methyl 5-deoxy-2,3-O-bis(triethylsilyl)-5-iodo-α,β-D-arabinofuranoside (145) 
 
 
 
 
 
 
An anomeric mixture of methyl α,β-D-arabinofuranosides 138 (with approx. 10% pyranosides) (500 
mg, 3.1 mmol) was sulfonylated with TClCl (1.1 eq., 3.4 mmol, 940 mg) according to the above 
described method for 145α in 8 ml anhydrous pyridine. Excess of TClCl was quenched with 
anhydrous DMF (1.6 ml), by stirring at rt for 15 min. Introduction of iodine and silyl protection was 
performed as above. The title furanosides 145 were obtained as colorless oils in a yield of 877 mg 
(57%). 
 
Data for 145.  
13C NMR (75 MHz, CDCl3) δ: 109.3, 103.2, 84.0, 82.8, 82.1, 81.7, 80.1, 79.6, 55.2 (2C), 8.7, 7.2, 
6.7, 6.6, 6.5, 5.8, 5.0, 4.8, 4.7.  
 
The NMR data are in accordance with earlier unpublished results from the group.223 
 
 
Methyl 5-deoxy-2,3-O-bis(triethylsilyl)-5-iodo-β-D-ribofuranoside(147β) 
 
 
 
 
 
 
 
The methyl β-ribofuranoside 140β (500 mg, 3.1 mmol) was sulfonylated with TClCl (1.3 eq., 940 
mg at 15 °C, plus 0.2 eq., 171 mg at rt) in 9 ml anhydrous pyridine as described above for 145α. 
Introduction of iodine and silyl protection follows the normal procedure. The product 147β was 
obtained as a colorless oil after flash chromatography (hexane/Et3N 99:1 → hexane/EtOAc/Et3N 
97:2:1) in a yield of 453 mg (30%). The 3-O-sulfonylated byproduct 148 was isolated in a yield of 
282 mg (15%). 
 
Data for 147β.  
Rf  0.72 (hexane/EtOAc 9:1), [α]D22 +1.4 (c 2.05, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 4.69 (bs, 1H, H-1), 4.04 (dd, J = 6.8 Hz, J = 4.0 Hz, 1H, H-3), 3.94 
(bd, J = 4.0 Hz, 1H, H-2), 3.86 (ddd, J = 6.8 Hz, J = 5.6 Hz, J = 3.9 Hz, 1H, H-4), 3.47 (dd, J = 10.8 
Hz, J = 3.9 Hz, 1H, H-5), 3.40 (s, 3H, OCH3), 3.24 (dd, J = 10.8 Hz, J = 5.6 Hz, 1H, H-5), 0.98 (t, J 
= 7.8 Hz, 9H), 0.96 (t, J = 7.8 Hz, 9H), 0.71-0.58 (m, 12H). 13C NMR (75 MHz, CDCl3) δ: 108.1 (C-
1), 80.5 (C-4), 77.0 (C-2), 75.7 (C-3), 55.4 (OCH3), 9.3 (C-5), 6.8 (TES), 6.7 (TES), 4.9 (TES).  
 
Data for 148.  
Rf  0.58 (hexane/EtOAc 9:1). 
 
1H NMR (300 MHz, CDCl3) δ: 7.30 (d, J = 1.7 Hz, 2H, arom.), 4.51 (bs, 1H, H-1), 4.51 (dd, J = 7.0 
Hz, J = 4.4 Hz, 1H, H-3), 4.09 (d, J = 4.4 Hz, 1H, H-2), 3.87 (ddd, J = 7.0 Hz, J = 4.9 Hz, J = 4.5 
Hz, 1H, H-4), 3.17-3.10 (m, 1H, H-5), 3.14 (s, 3H, OCH3), 2.94 (dd, J = 11.4 Hz, J = 4.9 Hz, 1H, H-
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5), 0.72 (t, J = 7.8 Hz, 9H), 0.41 (q, J = 7.8 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ: 139.7, 137.0, 
131.2, 131.1, 107.9, 82.6, 77.4, 75.2, 55.4, 7.0, 6.5, 4.6, 4.2.  
 
The NMR data for 147β are in accordance with earlier unpublished results from the group.223 
 
 
Methyl 2,5-dideoxy-3-O-triethylsilyl-5-iodo-α-D-ribofuranoside (135α) 
 
 
 
 
 
 
 
The methyl 2-deoxy-α-ribofuranoside 132α (500 mg, 3.4 mmol) was sulfonylated with TClCl (1.1 
eq., 1.05 g at 15 °C, plus 0.2 eq., 190 mg at rt) in 9 ml anhydrous pyridine as described for the 
synthesis of 145α. Introduction of iodine was performed under heating to 40 °C for 1h. Silyl 
protection follows the normal procedure. The product 135α was obtained as a colorless oil after 
flash chromatography (hexane/Et3N 99:1 → hexane/EtOAc/Et3N 97:2:1) in a yield of 613 mg 
(48%).  
 
Data for 135α.  
Rf  0.52 (hexane/EtOAc 9:1), [α]D22 +95.8 (c 2.06, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 4.99 (dd, J = 6.0 Hz, J = 2.8 Hz, 1H, H-1), 3.96 (ddd, J = 8.3 Hz, J = 
6.1 Hz, J = 5.6 Hz, 1H, H-3), 3.59 (bd, J = 4.0 Hz, 1H, H-2), 3.59 (ddd, J = 6.1 Hz, J = 4.8 Hz, J = 
3.4 Hz, 1H, H-4), 3.47 (dd, J = 10.8 Hz, J = 3.4 Hz, 1H, H-5), 3.38 (s, 3H, OCH3), 3.29 (dd, J = 10.8 
Hz, J = 4.8 Hz, 1H, H-5), 2.47 (ddd, J = 13.8 Hz, J = 8.3 Hz, J = 6.0 Hz, 1H, H-2), 1.85 (ddd, J = 
13.8 Hz, J = 5.6 Hz, J = 2.8 Hz, 1H, H-2), 0.95 (t, J = 7.8 Hz, 9H), 0.60 (q, J = 7.8 Hz, 6H). 13C 
NMR (75 MHz, CDCl3) δ: 104.1 (C-1), 80.8 (C-4), 75.3 (C-3), 55.2 (OCH3), 42.1 (C-2), 7.9 (C-5), 
6.6 (TES), 4.7 (TES). 
 
The NMR data for 135α are in accordance with earlier unpublished results from the group.223 
 
 
Methyl 2,5-dideoxy-3-O-triethylsilyl-5-iodo-α,β-D-ribofuranoside (135) 
 
 
 
 
 
 
Methyl 2,5-dideoxy-5-iodo-α,β-D-ribofuranoside 134112 (1.15 g, 4.5 mmol) was dissolved in 
anhydrous toluene, and trace of water was removed by coevaporation in vacuo. The starting 
material was redissolved in 20 ml anhydrous pyridine, cooled to 0 °C, and degassed with N2. 
Triethylsilyl chloride (1.1 eq., 5 mmol, 0.83 ml) was added, and the reaction was stirred for 2h at rt. 
The reaction mixture was diluted with CH2Cl2 (50 ml), and washed with 10% citric acid (25 ml), 
saturated NaHCO3 (25 ml), and H2O (25 ml). The organic phase was dried (anhydrous Na2SO4), 
filtered, and concentrated in vacuo. The title product 135 was obtained as a colorless oil after flash 
chromatography (pentane → pentane/Et2O 95:5) in a yield of 1.09 g (65%).  
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Data for 135.  
13C NMR (50 MHz, CDCl3) δ: 105.1, 104.0, 85.8, 80.6, 75.2, 74.7, 55.1 (2C), 42.4, 42.0, 7.9, 7.8, 
6.6, 4.6. 
 
The NMR data for 135 are in accordance with earlier unpublished results from the group.223 
 
10.5 Synthesis of 1,7- and 1,6-Enynes 
(4S, 5S, 6R)-5,6-[(isopropylidene)dioxy]-7-octene-1-yne-4-ol (154α) and (4R, 5S, 6R)-5,6-
[(isopropylidene)dioxy]-7-octene-1-yne-4-ol (154β): 
  
 
 
 
 
 
 
 
 
 
The isopropylidene protected methyl 5-deoxy-5-iodo-β-D-ribofuranoside 53 (3.04 g, 9.7 mmol) was 
dissolved in THF/H2O (2:1, 30 ml) and activated Zn dust (7.5 g) was added. The mixture was 
sonicated at 40 °C under an argon atmosphere during which time propargyl bromide (3.6 ml, 5 eq., 
48.5 mmol) was added dropwise by a syringe pump over 5h. At this point TLC showed 
disappearance of starting material. The reaction mixture was filtered through a pad of celite and 
diluted with 50 ml CH2Cl2. The organic phase was washed with saturated NaHCO3 (3 x 25 ml), and 
the combined aqueous phases were finally extracted with CH2Cl2 (50 ml). The organic phase was 
dried (Na2SO4), filtered and concentrated in vacuo to a syrup. The title enynes 154α and 154β 
were isolated as colorless syrups after flash chromatography (pentane/Et2O 4:1, 1% Et3N) in a 
yield of 1.40 g (73%) with a diastereomeric ratio 9:1 with the S isomer (154α) as the major product. 
It was not possible to isolate the minor isomer 154β in diastereomeric purity. Both enynes are 
volatile under vacuum (3-4 mmHg). 
 
Data for 154α.  
Rf  0.57 (pentane/Et2O 4:1), [α]D26 14.3 (c 1.21, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 5.98 (ddd, J = 17.3 Hz, J = 10.4 Hz, J = 6.9 Hz, 1H), 5.40 (ddd, J = 
17.3 Hz, J = 1.5 Hz, J = 0.8 Hz, 1H), 5.25 (ddd, J = 10.4 Hz, J = 1.4 Hz, J = 0.8 Hz, 1H), 4.66 (ddd, 
J = 6.9 Hz, J = 6.5 Hz, J = 0.8 Hz, 1H), 4.03 (dd, J = 8.7 Hz, J = 6.5 Hz, 1H), 3.73 (m, 1H), 2.61 
(ABX, ddd, J = 16.9 Hz, J = 3.6 Hz, J = 2.7 Hz, 1H), 2.42 (ABX, ddd, J = 16.9 Hz, J = 7.2 Hz, J = 
2.7 Hz, 1H), 2.04 (t, J = 2.7 Hz,1H), 2.10 (s, 1H), 1.42 (s, 3H), 1.32 (s, 3H). 13C NMR (75 MHz, 
CDCl3) δ: 133.7, 118.1, 108.8, 80.2, 79.2, 78.4, 70.9, 67.9, 27.7, 25.2, 24.3. 
 
MS EI (positive mode) m/z calcd for C10H13O3 [M-CH3]+ 181.0865. Found 181.0867.   
 
Data for 154β. 
Rf  0.57 (pentane/Et2O 4:1). 
 
13C NMR (75 MHz, CDCl3) δ: 133.6, 119.7, 108.5, 80.7, 78.9, 78.5, 70.4, 68.2, 27.1, 24.8, 24.1.  
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(4S, 5R, 6R)-5,6-[(isopropylidene)dioxy]-4-[(tert-butyldimethylsilyl)oxy]-7-octene-1-yne 
(169α) and (4R, 5R, 6R)-5,6-[(isopropylidene)dioxy]-4-[(tert-butyldimethylsilyl)oxy]-7-octene-
1-yne (169β): 
 
 
  
 
 
 
 
 
 
 
 
A diastereomeric mixture of enynes 154α and 154β (9:1, 490 mg, 2.5 mmol) was dissolved under 
an argon atmosphere in anhydrous CH2Cl2 (2.5 ml). 2,6-Lutidine (2 eq., 5 mmol, 0.6 ml) was added 
and the reaction mixture was cooled on a ice bath to 0 °C. tert-Butyldimethylsilyl triflate (1.5 eq., 
3.8 mmol, 0.9 ml) was added dropwise via syringe pump in the course of 1h and the reaction 
mixture was then allowed to warm to room temperature (1h). Methylene chloride (15 ml) was 
added and the organic phase was washed with saturated NaHCO3, dried (K2CO3), filtered, and 
concentrated in vacuo. The title products 169α and 169β were easily separated by flash 
chromatography (pentan/Et2O 98:2 with 0.5% Et3N) in a combined yield of 628 mg (81 %) as 
colorless oils. 
 
Data for 169α.  
Rf  0.54 (pentane/Et2O 95:5), [α]D24 +40.1 (c 1.23, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 5.98 (ddd, J = 17.2 Hz, J = 10.3 Hz, J = 7.1 Hz, 1H), 5.36 (ddd, J = 
17.2 Hz, J = 1.5 Hz, J = 0.6 Hz, 1H), 5.23 (ddd, J = 10.3 Hz, J = 1.5 Hz, J = 0.6 Hz, 1H), 4.65-4.58 
(m, 1H), 4.26 (dd, J = 7.2 Hz, J = 6.8 Hz, 1H), 3.89 (ddd, J = 7.2 Hz, J = 4.6 Hz, J = 4.5 Hz, 1H), 
2.56 (ABX, ddd, J = 17.2 Hz, J = 4.5 Hz, J = 2.7 Hz, 1H), 2.48 (ABX, ddd, J = 17.2 Hz, J = 4.6 Hz, 
J = 2.7 Hz, 1H), 1.98 (t, J = 2.7 Hz, 1H), 1.46 (s, 3H), 1.38 (s, 3H), 0.90 (s, 9H), 0.13 (s, 3H), 0.08 
(s, 3H). 13C NMR (75 MHz, CDCl3) δ: 134.4, 117.8, 108.2, 80.6, 79.1, 78.5, 70.4, 69.0, 27.7, 25.9, 
25.3, 24.5, 18.1, -3.9, -4.5.  
 
Anal. Calcd for C17H30O3Si : C, 65.76; H, 9.74. Found: C, 65.63; H, 9.89. 
 
Data for 169β. 
Rf  0.50 (pentane/Et2O 95:5), [α]D24 +15.5 (c 0.73, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 5.90 (ddd, J = 17.3 Hz, J = 10.0 Hz, J = 8.4 Hz, 1H), 5.31 (ddd, J = 
17.3 Hz, J = 1.5 Hz, J = 1.0 Hz, 1H), 5.26 (ddd, J = 10.0 Hz, J = 1.5 Hz, J = 0.8 Hz, 1H), 4.48 
(dddd, J = 8.4 Hz, J = 6.1 Hz, J = 1.0 Hz, J = 0.8 Hz, 1H), 4.19 (dd, J = 7.1 Hz, J = 6.1 Hz, 1H), 
3.82 (ddd, J = 7.1 Hz, J = 6.1 Hz, J = 4.6 Hz, 1H), 2.43 (ABX, ddd, J = 16.9 Hz, J = 4.6 Hz, J = 2.7 
Hz, 1H), 2.33 (ABX, ddd, J = 16.9 Hz, J = 6.1 Hz, J = 2.7 Hz, 1H), 1.97 (t, J = 2.7 Hz, 1H), 1.50 (s, 
3H), 1.37 (s, 3H), 0.91 (bs, 9H), 0.12 (s, 3H), 0.11 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 134.7, 
119.2, 108.8, 81.3, 80.6, 79.1, 77.4, 70.3, 28.1, 26.2, 25.7, 24.1, 18.6, -4.1, -4.2.  
 
Anal. Calcd for C17H30O3Si : C, 65.76; H, 9.74. Found: C, 65.41; H, 9.53. 
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For comparison, the TBS-protected enynes 169α and 169β were also synthesized from the 
ribofuranoside 53 by a direct standard TBS protection on the crude material after the tandem 
fragmentation-propargylation reaction in a overall yield of 57%. The same procedure over two 
steps gives a yield of 59%. 
 
 
(4S, 5R, 6R)- 4-[(acetyl)oxy]-5,6-[(isopropylidene)dioxy]-7-octene-1-yne (172α) and (4R, 5R, 
6R)- 4-[(acetyl)oxy]-5,6-[(isopropylidene)dioxy]-7-octene-1-yne (172β): 
 
 
 
 
 
 
 
 
 
 
The isopropylidene protected methyl 5-deoxy-5-iodo-β-D-ribofuranoside 53 (3.04 g, 9.7 mmol) was 
fragmented, subsequently propargylated in the presence of propargyl bromide, and extracted as 
described for the synthesis of 154α, 154β. The crude product was then dissolved in anhydrous 
toluene (25 ml) and traces of water were removed by azeotrop coevaporation. The syrup was 
taken up in CH2Cl2 (50 ml) and Ac2O (1.5 eq., 14.4 mmol, 1.4 ml), Et3N (2 eq., 19.2 mmol, 2.7 ml) 
and DMAP (cat.) was added. The reaction mixture was stirred at rt over night. The organic phase 
was washed with H2O (2x25 ml), dried (Na2SO4), filtered and concentrated in vacuo. Flash 
chromatography (pentan/Et2O 4:1, with Et3N) afforded the acetylated enynes 172α and 172β as 
colorless oils in a combined yield of 1.72 g (75%), and in a diastereomeric ratio of 9:1 (172α:172β). 
Both enynes are volatile under vacuum (3-4 mmHg). 
 
Data for 172α.  
Rf  0.58 (pentane/Et2O 4:1), [α]D26 +36.1 (c 1.25, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 5.78 (ddd, J = 17.3 Hz, J = 10.4 Hz, J = 7.0 Hz, 1H), 5.37 (ddd, J = 
17.3 Hz, J = 1.5 Hz, J = 1.0 Hz, 1H), 5.22 (ddd, J = 10.4 Hz, J = 1.5 Hz, J = 1.0 Hz, 1H), 4.86 (ddd, 
J = 8.8 Hz, J = 4.8 Hz, J = 4.0 Hz, 1H), 4.67 (ddd, J = 7.0 Hz, J = 6.3 Hz, J = 1.0 Hz, 1H), 4.39 (dd, 
J = 8.8 Hz, J = 6.3 Hz, 1H), 2.71 (ABX, ddd, J = 17.4 Hz, J = 4.0 Hz, J = 2.7 Hz, 1H), 2.61 (ABX, 
ddd, J = 17.4 Hz, J = 4.8 Hz, J = 2.7 Hz, 1H), 2.03 (s, 3H), 1.99 (t, J = 2.7 Hz, 1H), 1.48 (s, 3H), 
1.39 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 169.5, 132.5, 118.1, 108.9, 79.1, 78.3, 76.5, 70.4, 68.9, 
27.6, 25.2, 21.1, 20.9.  
 
Anal. Calcd for C13H18O4 : C, 65.53; H, 7.61. Found: C, 65.55; H, 7.60. 
 
Data for 172β. 
Rf  0.50 (pentane/Et2O 4:1), [α]D25 42.0 (c 0.93, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 5.78 (ddd, J = 17.3 Hz, J = 10.1 Hz, J = 7.3 Hz, 1H), 5.37 (ddd, J = 
17.3 Hz, J = 1.4 Hz, J = 1.4 Hz, 1H), 5.28 (ddd, J = 10.1 Hz, J = 1.4 Hz, J = 1.4 Hz, 1H), 4.88 (ddd, 
J = 7.2 Hz, J = 5.6 Hz, J = 4.0 Hz, 1H), 4.66 (bt, J = 7.3 Hz, 1H), 4.43 (dd, J = 6.8 Hz, J = 4.0 Hz, 
1H), 2.57 (ABX, ddd, J = 16.7 Hz, J = 7.2 Hz, J = 2.8 Hz, 1H), 2.49 (ABX, ddd, J = 16.7 Hz, J = 5.6 
Hz, J = 2.8 Hz, 1H), 2.06 (s, 3H), 2.00 (t, J = 2.8 Hz, 1H), 1.50 (s, 3H), 1.38 (s, 3H). 13C NMR (75 
MHz, CDCl3) δ: 170.2, 133.0, 119.5, 109.5, 79.3, 78.5, 77.5, 71.1, 70.0, 27.2, 25.8, 21.4 (2C).  
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Anal. Calcd for C13H18O4 : C, 65.53; H, 7.61. Found: C, 65.30; H, 7.48. 
 
(4S, 5S, 6R)-4-[(N-benzyl)amino]-5,6-[(isopropylidene)dioxy]-7-octene-1-yne (164): 
 
 
 
 
 
 
 
 
 
 
The isopropylidene protected 5-deoxy-5-iodo-β-D-ribofuranoside 53 (500 mg, 1.6 mmol) was 
dissolved in anhydrous THF (15 ml). Activated zinc dust (2 g) was added, the reaction mixture 
deoxygenated with argon, and sonicated for 30 min at 40 °C.  Then benzylamine (3 eq., 4.8 mmol, 
0.52 ml) was added and the reaction mixture was further sonicated for 2h at 40 °C. To diminish 
acidic conditions, Et3N (3 eq., 4.8 mmol, 0.7 ml) was added, and subsequently propargyl bromide 
(9 eq., 14.4 mmol, 1.08 ml) was added dropwise by syringe pump over 2.5h. The reaction mixture 
was cooled to rt and filtered through a pad of celite. The celite was rinsed with 150 ml Et2O. The 
organic phase was washed with H2O (3 x 75 ml), dried (Na2SO4), filtered, and concentrated in 
vacuo. The amino compound 164 was obtained as a colorless syrup after flash chromatography 
(CH2Cl2/MeOH/Et3N 98:1:1) in a yield of 217 mg (48%). Only one diastereomer was observed by 
1H NMR. 
 
Data for 164.  
Rf  0.71 (hexane/EtOAc 3:1), [α]D24 +79.6 (c 1.07, CHCl3). 
 
1H NMR (300 MHz, CDCl3 w/TMS) δ: 7.35-7.20 (m, 5H), 5.98 (ddd, J = 17.0 Hz, J = 10.5 Hz, J = 
6.5 Hz, 1H), 5.37 (ddd, J = 17.0 Hz, J = 2.0 Hz, J = 1.4 Hz, 1H), 5.20 (ddd, J = 10.5 Hz, J = 2.0 Hz, 
J = 1.2 Hz, 1H), 4.69 (m, 1H), 4.13 (dd, J = 9.3 Hz, J = 6.2 Hz, 1H), 3.89 (ABX, d, J = 12.5 Hz, 1H), 
3.62 (ABX, d, J = 12.5 Hz, 1H), 2.82 (ddd, J = 9.3 Hz, J = 4.0 Hz, J = 3.9 Hz, 1H), 2.70 (ABX, ddd, 
J = 17.1 Hz, J = 4.0 Hz, J = 2.6 Hz, 1H), 2.57 (ABX, ddd, J = 17.1 Hz, J = 3.9 Hz, J = 2.6 Hz, 1H), 
2.00 (t, J = 2.6 Hz, 1H), 1.47 (s, 3H), 1.37 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 140.0, 134.6, 
128.2, 128.1, 126.9, 116.8, 108.1, 80.3, 78.7, 78.3, 70.8, 54.4, 50.7, 27.7, 25.3, 19.9.  
 
Anal. Calcd for C18H23NO2 : C, 75.76; H, 8.12; N, 4.91. Found: C, 75.21; H, 8.22; N, 4.95. 
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(4S, 5S, 6R)-4-[(N-acetyl-N-benzyl)amino]-5,6-[(isopropylidene)dioxy]-7-octene-1-yne (173):  
 
 
 
 
 
 
 
 
 
 
Amino enyne 164 (111 mg, 0.39 mmol) was dissolved in 5 ml CH2Cl2, and to this Ac2O (1.5 eq., 
0.56 mmol, 0.06 ml), Et3N (2 eq., 0.78 mmol, 0.11 ml), and DMAP (cat.) were added. The reaction 
mixture was stirred at rt over night, and then diluted with 50 ml CH2Cl2. The organic phase was 
washed with H2O (3x15 ml), dried (Na2SO4), filtered, and concentrated in vacuo. The product 173 
was obtained after flash chromatography (hexane/EtOAc 3:1, with 0.5% Et3N) as a white solid in a 
yield of 114 mg (89%). 13C NMR reveals that 173 is an almost equal mixture of two rotamers.  
Data for 173.  
Rf  0.37 (hexane/EtOAc 2:1), [α]D23 +21.0 (c 0.73, CHCl3), mp. 69-70 °C. 
 
1H NMR (300 MHz, CDCl3) δ: 7.40-7.20 (m, 10H), 5.93 (ddd, J = 17.2 Hz, J = 10.4 Hz, J = 7.0 Hz, 
1H), 5.82-5.68 (m, 1H), 5.39 (bd, J = 17.2 Hz, 1H), 5.34 (bd, J = 10.4 Hz, 1H), 5.50 (bs, 1H), 5.25 
(bd, J = 6.3 Hz, 1H), 5.11-5.05 (ABX, m, 1H), 5.02 (ABX, d, J = 15.0 Hz, 1H), 4.70 (ABX, d, J = 
17.6 Hz, 1H), 4.57 (ABX, d, J = 17.6 Hz, 1H), 4.50-4.47 (m, 1H), 4.30-4.23 (m, 1H), 4.23-4.15 (m, 
2H), 4.11-4.02 (m, 1H), 3.88 (dd, J = 7.3 Hz, J = 6.8 Hz, 1H), 2.63-2.56 (ABX, m, 2H), 2.56-2.50 
(ABX, m, 2H), 2.30 (s, 3H), 2.03 (t, J = 2.6 Hz, 1H), 2.03 (s, 3H), 1.95 (t, J = 2.6 Hz, 1H), 1.44 (bs, 
6H), 1.22 (s, 3H), 1.20 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 172.4, 172.2, 138.8, 137.9, 133.5, 
133.3, 128.5, 128.3 (2C), 128.0, 127.1, 126.1, 119.1, 118.8, 108.4 (2C), 81.1, 79.9, 78.8 (2C), 
78.7, 78.3, 71.7, 70.2, 56.6, 52.2, 48.8, 44.9, 27.3, 27.0, 24.7, 24.6, 22.7, 22.4, 20.5, 18.9.  
 
Anal. Calcd for C20H25NO3 : C, 73.37; H, 7.70; N, 4.28. Found: C, 73.19; H, 7.76; N, 4.30. 
 
 
(4S, 5S, 6R)-4-[(N-benzyl-N-trifluoroacetyl)amino]-5,6-[(isopropylidene)dioxy]-7-octene-1-yne 
(174): 
 
 
 
 
 
 
 
 
 
Amino enyne 164 (165 mg, 0.58 mmol) was dissolved in 5 ml CH2Cl2 and trifluoroacetic anhydride 
(1.1 eq., 0.64 mmol, 90 µl), and Et3N (2 eq., 1.16 mmol, 0.16 ml) were added. The reaction mixture 
was stirred at rt for 1.5h. There was no change in the Rf value, but the shape of the spot changed. 
The reaction mixture was diluted with 50 ml CH2Cl2, and the organic phase was washed with H2O 
(3 x 25 ml), dried (Na2SO4), filtered, and concentrated in vacuo. The product 174 was purified by 
flash chromatography (hexane/EtOAc 3:2 with 0.5% Et3N), and obtained as a colorless syrup in a 
yield of 163 mg (74%). 13C NMR reveals that 174 is an almost equal mixture of two rotamers. 
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Data for 174.  
Rf  0.60 (hexane/EtOAc 2:1), [α]D23 52.1 (c 0.95, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 7.40-7.20 (m, 10H), 5.81 (ddd, J = 17.0 Hz, J = 10.3 Hz, J = 6.9 Hz, 
1H), 5.73 (ddd, J = 17.6 Hz, J = 10.4 Hz, J = 7.0 Hz, 1H), 5.44 (bd, J = 17.0 Hz, 1H), 5.41 (bd, J = 
10.3 Hz, 1H), 5.28 (bd, J = 10.4 Hz, 1H), 5.25 (bd, J = 17.6 Hz, 1H), 4.80 (ABX, d, J = 15.3 Hz, 
1H), 4.73 (ABX, d, J = 7.4 Hz, 1H), 4.68 (ABX, d, J = 15.3 Hz, 1H), 4.63 (ABX, d, J = 7.4 Hz, 1H), 
4.61-4.54 (m, 1H), 4.36 (bd, J = 8.0 Hz, 1H), 4.33-4.17 (m, 4H), 2.58-2.65 (ABX, m, 1H), 2.63-2.55 
(ABX, m, 1H), 2.50-2.41 (ABX, m, 1H), 2.32 (ABX, ddd, J = 17.9 Hz, J = 3.0 Hz, J = 3.0 Hz, 1H),  
1.99-1.94 (m, 2H), 1.49 (s, 3H), 1.39 (s, 3H), 1.27 (s, 3H), 1.14 (s, 3H). 13C NMR (75 MHz, CDCl3)  
δ: 158.1 (q, J =35.6 Hz), 157.9 (q, J = 35.3 Hz), 136.6, 135.7, 133.0, 132.0, 128.6, 128.2, 128.1, 
127.9, 127.6, 127.3, 119.9, 119.5, 116.6 (q, J = 288.3 Hz), 116.5 (q, J = 288.5 Hz), 109.2, 108.5, 
80.0 (2C), 79.0, 78.7, 78.5, 77.9, 71.5, 70.7, 56.8, 55.8, 49.5, 47.3, 27.0, 26.3, 24.5, 24.2, 18.6, 
18.5.  
 
Anal. Calcd for C20H22F3NO3 : C, 62.98; H, 5.81; N, 3.67. Found: C, 63.04; H, 5.85; N, 3.70. 
 
(4S, 5S, 6S)-5,6-bis[(triethylsilyl)oxy]-7-octene-1-yne-4-ol (160α) and (4R, 5S, 6S)-5,6-
bis[(triethylsilyl)oxy]-7-octene-1-yne-4-ol (160β): 
 
 
 
 
 
 
 
 
 
The triethylsilyl protected methyl 5-deoxy-5-iodo−α,β-D-xylofuranoside 158 (1.12 g, 2.2 mmol) was 
dissolved in THF/H2O (9:1, 18 ml), and activated Zn dust (2.8 g) was added. The suspension was 
sonicated at 40 °C under an atmosphere of argon during which time propargyl bromide (5eq., 0.83 
ml, 11 mmol) was added dropwise by a syringe pump over 5h. At this point TLC confirmed the 
disappearance of starting material.  Zinc salts were removed by filtration through celite, diluting the 
reaction mixture with 50 ml CH2Cl2 and washing the organic phase with saturated NaHCO3 (3 x 50 
ml). The combined water phases were finally extracted with CH2Cl2 (50 ml). The organic phase was 
dried (Na2SO4), filtered and evaporated in vacuo to a syrup. Purification by flash chromatography 
(pentane/Et2O 95:5 with 0.5% Et3N) afforded the two diastereomeric enynes 160α and 160β in 
ratio of 7:3 in favor of the S isomer (160α). The total yield was 516 mg (61%). It was not possible 
to obtain the minor isomer 160β in optical purity. 
 
Data for 160α. 
Rf  0.63 (pentane/Et2O 9:1), [α]D25 −61.5 (c 1.64, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 6.06 (ddd, J = 17.2 Hz, J = 10.7 Hz, J = 4.4 Hz, 1H), 5.36 (ddd, J = 
17.2 Hz, J = 1.8 Hz, J = 1.8 Hz, 1H), 5.26 (ddd, J = 10.7 Hz, J = 1.8 Hz, J = 1.8 Hz, 1H), 4.42-4.34 
(m, 1H), 4.06 (s, 1H), 3.86-3.77 (m, 1H), 3.70 (dd, J = 8.6 Hz, J = 4.3 Hz, 1H), 2.55 (ABX, ddd, J = 
16.7 Hz, J = 2.6 Hz, J = 2.6 Hz, 1H), 2.35 (ABX, ddd, J = 16.7 Hz, J = 6.4 Hz, J = 2.6 Hz, 1H), 2.01 
(t, J = 2.6 Hz, 1H), 0.98 (t, J = 8.1 Hz, 18H), 0.71-0.55 (m, 12H). 13C NMR (75 MHz, CDCl3) δ: 
135.2, 116.2, 81.4, 76.2, 74.0, 71.0, 69.8, 23.6, 6.8, 6.6, 5.0, 4.6.  
 
Anal. Calcd for C20H40O3Si2 : C, 62.44; H, 10.48. Found: C, 62.23; H, 10.60. 
 
  142 
 
 
AcO OAc
OAc
AcO OAc
OAc +
major, 181α minor, 181β
TESO OTES
OH
TESO OTES
OH +
major, 160α minor, 160β
Data for 160β. 
Rf  0.63 (pentane/Et2O 9:1). 
 
1H NMR (300 MHz, CDCl3) δ: 6.01 (ddd, J = 17.3 Hz, J = 10.5 Hz, J = 5.7 Hz, 1H), 5.27 (ddd, J = 
17.3 Hz, J = 1.8 Hz, J = 1.5 Hz 1H), 5.16 (ddd, J = 10.5 Hz, J = 1.8 Hz, J = 1.5 Hz, 1H), 4.19 
(dddd, J = 5.7 Hz, J = 4.9 Hz J = 1.5 Hz, J = 1.5 Hz, 1H), 3.91 (dddd, J = 7.4 Hz, J = 6.8 Hz, J = 
6.4 Hz, J = 2.8 Hz, 1H), 3.81 (dd, J = 4.9 Hz, J = 2.8 Hz, 1H), 2.56 (d, J = 6.8 Hz, 1H, OH), 2.43 
(ABX, ddd, J = 16.7 Hz, J = 6.4 Hz, J = 2.8 Hz, 1H), 2.36 (ABX, ddd, J = 16.7 Hz, J = 7.4 Hz, J = 
2.8 Hz, 1H), 1.97 (t, J = 2.8 Hz, 1H), 1.05-0.92 (m, 18H), 0.74-0.55 (m, 12H). 13C NMR (75 MHz, 
CDCl3) δ: 137.2, 115.5, 81.2, 74.9 (2C), 69.8, 68.2, 24.8, 6.8, 6.8, 5.1, 4.8. 
 
 
(4S, 5S, 6S)-4,5,6-tris[(acetyl)oxy]-7-octene-1-yne (181α) and (4R, 5S, 6S)-4,5,6-
tris[(acetyl)oxy]-7-octene-1-yne (181β): 
 
 
 
 
 
 
 
 
 
A diastereomeric mixture of the triethylsilyl protected enynes 160α and 160β (400 mg, 1.04 mmol) 
was dissolved in 10 ml anhydrous THF. Tetrabutylammonium fluoride (2.2 eq., 2.3 mmol, 2.3 ml) 
was added and the reaction mixture was stirred at rt for 30 min. At this point indicated TLC a full 
desilylation of 160. Acetic anhydride (4 eq., 4.2 mmol, 0.4 ml), triethylamine (4.5 eq., 4.7 mmol, 
0.65 ml) and DMAP (cat.) were then added to the reaction mixture, which was stirred for further 2h 
at rt. The reaction mixture was diluted with CH2Cl2 (50 ml), washed with H2O (25 ml), dried (anh. 
Na2SO4), filtrated, and concentrated in vacuo. The fully acetylated enynes 181α, 181β were 
obtained as colorless oils after flash chromatography (hexane/EtOAc 4:1) in a total yield of 251 mg 
(85%). 
 
Data for 181α. 
Rf  0.48 (hexane/EtOAc 2:1), [α]D22 33.7 (c 1.03, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 5.74 (ddd, J = 17.1 Hz, J = 10.6 Hz, J = 5.7 Hz, 1H), 5.55 (dddd, J = 
5.7 Hz, J = 3.9 Hz, J = 1.5 Hz, J = 1.3 Hz, 1H), 5.35 (dd, J = 7.7 Hz, J = 3.9 Hz, 1H), 5.31 (ddd, J = 
17.1 Hz, J = 1.5 Hz, J = 1.3 Hz, 1H), 5.26 (ddd, J = 10.6 Hz, J = 1.3 Hz, J = 1.3 Hz, 1H), 5.15 (ddd, 
J = 7.7 Hz, J = 6.4 Hz, J = 4.8 Hz, 1H), 2.58 (ABX, ddd, J = 17.3 Hz, J = 4.8 Hz, J = 2.7 Hz 1H), 
2.47 (ABX, ddd, J = 17.3 Hz, J = 6.4 Hz, J = 2.7 Hz, 1H), 2.10 (s, 3H), 2.09 (s, 3H), 2.07 (s, 3H), 
2.00 (t, J = 2.7 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ: 169.6 (2C), 169.5, 131.9, 118.5, 78.4, 72.2, 
71.4, 70.8, 68.2, 20.8, 20.7 (2C), 20.6.  
 
Anal. Calcd for C14H18O6 : C, 59.57; H, 6.43. Found: C, 59.46; H, 6.55. 
 
Data for 181β. 
Rf  0.39 (hexane/EtOAc 2:1), [α]D20 21.2 (c 1.04, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 5.76 (ddd, J = 16.7 Hz, J = 10.7 Hz, J = 6.4 Hz, 1H), 5.48-5.28 (m, 
4H), 5.12 (ddd, J = 6.3 Hz, J = 6.3 Hz, J = 4.3 Hz, 1H), 2.51 (dd, J = 6.3 Hz, J = 2.5 Hz, 2H), 2.10 
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(s, 3H), 2.09 (s, 3H), 2.08 (s, 3H), 2.03 (t, J = 2.5 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ: 169.7 (2C), 
169.6, 131.4, 119.8, 77.8, 72.7, 72.3, 71.3, 69.3, 20.9, 20.8 (2C), 20.6.  
 
Anal. Calcd for C14H18O6 : C, 59.57; H, 6.43. Found: C, 59.34; H, 6.54. 
 
 
(4R, 5R, 6R)-5,6-bis[(triethylsilyl)oxy]-7-octene-1-yne-4-ol (161β) and (4S, 5R, 6R)-5,6-
bis[(triethylsilyl)oxy]-7-octene-1-yne-4-ol (161α): 
 
 
 
 
 
 
 
 
 
The triethylsilyl protected methyl 5-deoxy-5-iodo-α,β-D-arabinofuranoside 145 (0.700 g, 1.4 mmol) 
was dissolved in THF/H2O (9:1, 20 ml), and activated Zn dust (1.9 g) was added. The suspension 
was sonicated at 40 °C under an atmosphere of argon during which time propargyl bromide (0.52 
ml, 5 eq., 7 mmol) was added dropwise by a syringe pump over 8h. The reaction was purified as 
described for 160α, 160β; the wanted diastereomeric enynes 161αβ were isolated in a total yield of 
300 mg (56%) after flash chromatography (pentane/Et2O 9:1 with 0.5% Et3N) as colorless oils. The 
diastereomeric ratio was assigned as 7:3 with the R isomer (161β) as the major product. It was not 
possible to obtain the minor isomer 161α in optical purity. 
 
Data for 161β. 
[α]D26 +68.6 (c 2.68, CHCl3). 
Anal. Calcd for C20H40O3Si2 : C, 62.44; H, 10.48. Found: C, 62.68; H, 10.27. 
 
The NMR data were identical to the data recorded for compound 160α and 160β. Assignment of 
the diastereochemistry is based on 160α and 160β. 
 
 
(4R, 5R, 6R)-4,5,6-tris[(acetyl)oxy]-7-octene-1-yne (182β) and (4S, 5R, 6R)-4,5,6-
tris[(acetyl)oxy]-7-octene-1-yne (182α): 
 
 
 
 
 
 
 
 
 
 
A diastereomeric mixture of the TES-protected enynes 161α, 161β (436 mg, 1.13 mmol) was 
converted to the fully acetylated enynes 182α, 182β according to the procedure described above 
for 181α, 181β. The fully acetylated enynes 182β and 182α were purified and easily separated by 
flash chromatography (hexane/EtOAc 4:1) in respectively 214 mg (67%) and 81 mg (25%) yield. 
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Data for 182β. 
[α]D26 +40.9 (c 1.01, CHCl3), mp. 60-61 °C (white crystalline product after cooling). 
Anal. Calcd for C14H18O6 : C, 59.57; H, 6.43. Found: C, 59.66; H, 6.34. 
 
Data for 182α. 
[α]D24 +19.3 (c 1.73, CHCl3) (colorless oil). 
Anal. Calcd for C14H18O6 : C, 59.57; H, 6.43. Found: C, 59.69; H, 6.37. 
 
The NMR data are identical to the data recorded for compound 181α and 181β. 
 
 
(4R, 6S)-6-[(triethylsilyl)oxy]-7-octene-1-yne-4-ol (162β) and (4S, 6S)-6-[(triethylsilyl)oxy]-7-
octene-1-yne-4-ol (162α): 
 
 
 
 
 
 
 
 
The triethylsilyl protected methyl 2,5-dideoxy-5-iodo-α,β-D-ribofuranoside 135 (0.775 g, 2.1 mmol) 
was dissolved in THF/H2O (4:1, 15 ml) and activated Zn dust (1.9 g) was added. The suspension 
was sonicated at 40 °C under argon during which time propargyl bromide (5 eq., 10.5 mmol, 0.8 
ml) was added dropwise by a syringe pump over 5h. The reaction was purified as described for 
160α and 160β. The two diastereomeric enynes 162α and 162β were isolated as colorless syrups 
after flash chromatography (pentane/Et2O 9:1 with 0.5% Et3N) in ratio of 3:2 in favor of the R 
isomer (162β) with a total yield of 61%. It was not possible to separate the diastereomeric enynes. 
 
Data for 162β. 
Rf  0.36 (pentane/Et2O 9:1). 
 
1H NMR (300 MHz, CDCl3) δ: 5.89 (ddd, J = 17.1 Hz, J = 10.4 Hz, J = 5.6 Hz, 1H), 5.26 (dt, J = 
17.1 Hz, J = 1.4 Hz, 1H), 5.14 (dq, J = 10.4 Hz, J = 1.4 Hz, 1H), 4.57-4.50 (m, 1H), 4.12-4.02 (m, 
1H), 3.53 (s, 1H, OH), 2.45-2.27 (ABX, m, 2H), 2.01 (t, J = 2.8 Hz, 1H), 1.82-1.74 (m, 2H), 0.96 (t, 
J = 8.0 Hz, 9H), 0.63 (q, J = 8.0 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ: 139.8, 114.6, 80.9, 72.2, 
70.2, 67.0, 42.1, 27.2 , 6.7, 4.7.  
 
Data for 162α. 
Rf  0.36 (pentane/Et2O 9:1). 
 
1H NMR (300 MHz, CDCl3) δ: 5.84 (ddd, J = 17.1 Hz, J = 10.3 Hz, J = 7.2 Hz, 1H), 5.26 (dt, J = 
17.1 Hz, J = 1.4 Hz, 1H), 5.08 (dq, J = 10.3 Hz, J = 1.4 Hz, 1H),  4.43-4.35 (m, 1H), 4.02-3.91 (m, 
1H), 3.52 (s, 1H, OH), 2.45-2.27 (ABX, m, 2H), 2.02 (t, J = 2.8 Hz, 1H), 1.82-1.74 (m, 2H), 0.96 (t, 
J = 8.0 Hz, 9H), 0.63 (q, J = 8.0 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ: 140.8, 114.8, 80.9, 74.7, 
70.2, 69.3, 43.1, 27.2, 6.7, 4.9.  
 
Anal. Calcd for C14H26O2Si : C, 66.09; H, 10.30. Found: C, 66.31; H, 10.39.  
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(3S, 4S, 5R)-3-hydroxy-4,5-[(isopropylidene)dioxy]-1-[(trimethylsilyl)oxy]-6-heptene-1-yne 
(167α) and (3R, 4S, 5R)-3-hydroxy-4,5-[(isopropylidene)dioxy]-1-[(trimethylsilyl)oxy]-6-
heptene-1-yne (167β): 
 
 
 
 
 
 
 
 
 
 
 
 
Cerium (III) chloride (2.4 g, 9.6 mmol) was predried at approx. 225 °C under reduced pressure 
over night, followed by agitation in anhydrous THF (15 ml) for 1 day before use. The suspension 
was cooled to 78 °C and a solution of trimethylsilylethynylmagnesium bromide (0.6 M in THF, 9.6 
mmol) was added. The reaction mixture was stirred at 78 °C for 1h, allowed to reach 0 °C and 
stirred at this temperature for further 1h before use. 
The isopropylidene protected methyl 5-deoxy-5-iodo-β-D-ribofuranoside 53 (750 mg, 2.4 mmol) 
was dissolved in anhydrous THF (15 ml) and fragmented at 40 °C in presence of activated zinc 
dust (1.8 g) and TMSCl (0.5 eq., 0.15 ml) under sonication conditions for 2h. The reaction mixture 
was cooled to rt and filtered through a pad of celite. The celite was washed with CH2Cl2 (100 ml), 
and the organic phase was washed with saturated NaHCO3 (aq.) (2 x 25 ml), dried (Na2SO4), 
filtrated, and concentrated in vacuo. The crude aldehyde was dissolved in anhydrous THF (5 ml) 
and added to the freshly prepared trimethylsilylethynylcerium chloride (4 eq., 9.6 mmol) at 0 °C. 
The reaction mixture was stirred at this temperature under argon for 10 minutes, followed by 
stirring at rt for 45 min. TLC (pentane/Et2O 2:1) indicated at this point full conversion of the 
aldehyde. Excess of alkynylating reagent was quenched by stirring with H2O (25 ml) for 5 minutes. 
The reaction mixture was diluted with CH2Cl2 (100 ml) and the two phases were separated. The 
aqueous phase was extracted with further 25 ml CH2Cl2. The combined organic phases were dried 
over anhydrous Na2SO4, filtered, and concentrated in vacuo. The diastereomeric enynes 167α and 
167β were isolated as colorless oils after flash chromatography (1% Et3N in CH2Cl2) in a yield of 
415 mg (68%) with a diastereomeric ratio 7:3 with the S isomer (167α) as the major product. It was 
not possible to separate the two diastereomers. Both enynes are volatile under reduced pressure 
(3-4 mmHg).  
 
Data for 167α. 
Rf  0.66 (hexane/EtOAc 2:1) or Rf  0.20 (CH2Cl2). 
 
1H NMR (300 MHz, CDCl3) δ: 6.14 (ddd, J = 17.4 Hz, J = 10.4 Hz, J = 7.2 Hz, 1H), 5.42 (bd, J = 
17.4 Hz, 1H), 5.30 (bd, J = 10.4 Hz, 1H), 4.74-4.64 (m, 1H), 4.33 (d, J = 4.1 Hz, 1H), 4.23 (dd, J = 
7.2 Hz, J = 4.1 Hz, 1H), 1.56 (bs, 3H), 1.39 (bs, 3H), 0.17 (bs, 9H). 13C NMR (75 MHz, CDCl3) δ: 
133.1, 119.0, 109.1, 103.6, 91.8, 80.4, 78.2, 62.9, 26.9, 25.1, -0.4.  
 
Data for 167β. 
Rf  0.66 (hexane/EtOAc 2:1) or Rf  0.20 (CH2Cl2). 
 
1H NMR (300 MHz, CDCl3) δ: 5.95 (ddd, J = 17.4 Hz, J = 10.4 Hz, J = 7.0 Hz,1H), 5.39 (bd, J = 
17.4 Hz, 1H), 5.28 (bd, J = 10.4 Hz, 1H), 4.70-4.64 (m, 1H), 4.25 (d, J = 6.6 Hz, 1H), 4.28-4.17 (m, 
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1H), 1.52 (bs, 3H), 1.40 (bs, 3H), 0.16 (bs, 9H). 13C NMR (75 MHz, CDCl3) δ: 132.7, 119.0, 109.3, 
102.8, 91.5, 80.6, 78.3, 62.0, 27.6, 25.2, -0.4.  
 
Anal. Calcd for C13H22O3Si : C, 61.38; H, 8.72. Found: C, 61.36; H, 8.51. 
 
 
(3S, 4R, 5R)- 3-[(acetyl)oxy]-4,5-[(isopropylidene)dioxy]-6-heptene-1-yne (186α) and (3R, 4R, 
5R)- 3-[(acetyl)oxy]-4,5-[(isopropylidene)dioxy]-6-heptene-1-yne (186β):   
 
 
 
 
 
 
 
 
 
 
 
The enynes 167 (165mg, 0.65 mmol) were dissolved in anhydrous THF (5 ml). 
Tetrabutylammonium fluoride (1.0 M solution in THF, 1.1 eq., 0.72 ml) was added and the reaction 
was stirred at rt for 30 min. At this point indicated TLC a full conversion of the starting material. 
Acetic anhydride (1.5 eq., 0.98 mmol, 0.1 ml), triethylamine (1.7 eq., 1.1 mmol, 0.15 ml), and 
DMAP (cat.) were then added to the solution, and the reaction mixture was stirred for further 2.5h. 
The reaction mixture was diluted with CH2Cl2 (50 ml), washed with H2O (25 ml), dried (anh. 
Na2SO4), filtered, and concentrated in vacuo. The crude material was purified by flash 
chromatography (CH2Cl2/Et3N 99:1) to give 186α and 186β in a combined yield of 128 mg (88%) 
as colorless oils. The diastereomers can be separated by flash chromatography (pentane/Et2O 
4:1).  
 
Data for 186α.  
Rf 0.67 (hexane/EtOAc 2:1), [α]D22 26.6 (c 1.11, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 5.93 (ddd, J = 17.2 Hz, J = 10.3 Hz, J = 7.4 Hz, 1H), 5.42 (bd, J = 
17.2 Hz, 1H), 5.30 (bd, J = 10.3 Hz, 1H), 5.30 (dd, J = 5.2 Hz, J = 2.2 Hz, 1H), 4.72 (dd, J = 7.4 Hz, 
J = 6.4 Hz, 1H), 4.33 (dd, J = 6.4 Hz, J = 5.2 Hz, 1H), 2.50 (dd, J = 2.2 Hz, J = 0.5 Hz, 1H), 2.08 (d, 
J = 0.4 Hz, 1H), 1.56 (bs, 3H), 1.41 (bs, 3H). 13C NMR (75 MHz, CDCl3) δ: 169.0, 131.8, 119.3, 
109.5, 78.7, 78.3, 78.0, 75.0, 63.0, 27.1, 25.0, 20.7.  
 
Anal. Calcd for C12H16O4 : C, 64.27; H, 7.19. Found: C, 63.83; H, 7.36. 
 
 
Data for 186β. 
Rf 0.68 (hexane/EtOAc 2:1), [α]D22 75.8 (c 1.27, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 5.89 (dddd, J = 17.1 Hz, J = 10.4 Hz, J = 6.8 Hz, J = 0.7 Hz, 1H), 
5.40 (bd, J = 17.1 Hz, 1H), 5.28 (bd, J = 10.4 Hz, 1H), 5.25 (ddd, J = 6.9 Hz, J = 2.2 Hz, J = 0.8 
Hz, 1H), 4.68 (bddd, J = 6.9 Hz, J = 6.8 Hz, J = 0.9 Hz, 1H), 4.32 (bddd, J = 6.9 Hz, J = 6.9 Hz, J = 
0.6 Hz, 1H), 2.46 (bdd, J = 2.2 Hz, J = 0.9 Hz, 1H), 2.08 (d, J = 0.9 Hz, 1H), 1.49 (bs, 3H), 1.35 
(bs, 3H). 13C NMR (75 MHz, CDCl3) δ: 169.3, 132.0, 119.2, 109.6, 78.6, 78.3, 78.0, 75.2, 62.6, 
27.2, 25.4, 20.8. 
 
O O
OAc
O O
OAc+
O O
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Anal. Calcd for C12H16O4 : C, 64.27; H, 7.19. Found: C, 64.25; H, 7.20. 
 
 
10.6 Verification of Stereochemistry 
(3R, 4S, 5S)-1,7-octadiene-3,4,5-triol (224): 
 
 
 
 
 
 
 
 
 
 
The enyne 154α (200 mg, 1.1 mmol) was dissolved in 15 ml absolute ethanol, and to this was 
added Lindlar catalyst (18 mg). The reaction mixture was degassed with H2 and the enyne was 
hydrogenated under an atmosphere of H2 for 7h at rt. The catalyst was removed by filtration 
through a pad of celite, which was washed with absolute ethanol. The organic phase was 
concentrated in vacuo. The diene 223 was obtained as a colorless oil after flash chromatography 
(pentane/Et2O 4:1) in a yield of 96 mg (44%). Removal of the isopropylidene group was 
accomplished by stirring a solution of 223 (46 mg, 0.23 mmol) in 5 ml MeOH with acidic ion 
exchange (IR 120, 1-2 ml) at 40 °C for 2h. TLC showed at this point a full hydrolysis of the 
isopropylidene group. The reaction mixture was cooled to rt, neutralized with a basic ion exchange 
(IR 400), filtered, and concentrated in vacuo. The unprotected diene 224 was obtained in a yield of 
26 mg (73%) after flash chromatography (Et2O). 
 
Data for 223.  
Rf  0.44 (pentane/Et2O 2:1). 
 
1H NMR (300 MHz, CDCl3) δ: 6.04 (ddd, J = 17.1 Hz, J = 10.2 Hz, J = 7.1 Hz, 1H), 5.96-5.78 (m, 
1H), 5.43 (ddd, J = 17.1 Hz, J = 1.4 Hz, J = 1.4 Hz, 1H), 5.30 (dt, J = 10.2 Hz, J = 1.4 Hz, 1H), 
5.22-5.12 (m, 2H), 4.71-4.64 (m, 1H), 3.99 (dd, J = 8.4 Hz, J = 6.4 Hz, 1H), 3.70 (ddd, J = 8.4 Hz, J 
= 8.4 Hz, J = 3.2 Hz, 1H), 2.60-2.50 (ABX, m, 1H), 2.29-2.16 (ABX, m, 1H), 1.49 (s, 3H), 1.38 (s, 
3H). 13C NMR (50 MHz, CDCl3) δ: 134.3, 134.0, 118.3, 117.9, 108.5, 79.9, 78.6, 68.7, 38.3, 27.6, 
25.2.  
 
Data for 224.  
Rf  0.63 (Et2O).  
 
1H NMR (300 MHz, CDCl3) δ: 5.99 (ddd, J = 17.1 Hz, J = 10.6 Hz, J = 6.6 Hz, 1H), 5.93-5.79 (m, 
1H), 5.38 (ddd, J = 17.1 Hz, J = 1.4 Hz, J = 1.4 Hz, 1H), 5.29 (ddd, J = 10.6 Hz, J = 1.4 Hz, J = 1.4 
Hz, 1H), 5.22-5.13 (m, 2H), 4.30 (bdd, J = 6.6 Hz, J = 5.4 Hz, 1H), 3.70 (ddd, J = 8.4 Hz, J = 7.1 
Hz, J = 3.3 Hz, 1H), 3.53 (dd, J = 7.1 Hz, J = 5.4 Hz, 1H), 2.65 (bs, OH, 3H), 2.62-2.52 (ABX, m, 
1H), 2.25 (ABX, bdt, J = 14.3 Hz, J = 8.4 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ: 136.7, 134.3, 
118.6, 117.8, 75.2, 74.7, 72.0, 37.9. 
 
The NMR data for 224 are in accordance with the literature.5b 
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(3R, 4S, 5S)-5-[(N-benzyl)amino]-3,4-[(isopropylidene)oxy]-1,7-octadiene (225): 
 
 
 
 
 
 
 
 
 
 
The enyne 164 (45 mg, 0.16 mmol) was dissolved in 5 ml absolute ethanol, and to this was added 
Lindlar catalyst (5 mg,) and acetic acid (2 eq., 0.32 mmol, 18µl). The reaction mixture was 
degassed with H2 and the enyne was hydrogenated under an atmosphere of H2 for 4h at rt. The 
catalyst was removed by filtration through a pad of celite, which was washed with absolute ethanol 
(20 ml). The organic phase was neutralized with Et3N, and concentrated in vacuo. The diene 225 
was obtained as a colorless oil after flash chromatography (CH2Cl2/MeOH/Et3N 97:2:1) in a yield of 
39 mg (85%). 
 
Data for 225.  
Rf  0.68 (hexane/EtOAc 3:1) or Rf 0.66 (pentane/Et2O/Et3N 8:2:0.1).5b 
 
1H NMR (300 MHz, CDCl3 w/TMS) δ: 7.37-7.20 (m, 5H), 5.98 (ddd, J = 17.1 Hz, J = 10.2 Hz, J = 
7.1 Hz, 1H), 5.94-5.81 (m, 1H), 5.35 (ddd, J = 17.1 Hz, J = 1.8 Hz, J = 1.2 Hz, 1H), 5.22 (ddd, J = 
10.6 Hz, J = 1.8 Hz, J = 1.0 Hz, 1H), 5.19-5.11 (m, 2H), 4.67-4.61 (m, 1H), 4.03 (dd, J = 8.8 Hz, J = 
6.2 Hz, 1H), 3.84 (ABX, d, J = 12.6 Hz, 1H), 3.63 (ABX, d, J = 12.6 Hz, 1H), 2.81 (ddd, J = 8.8 Hz, 
J = 5.3 Hz, J = 3.9 Hz, 1H), 2.55-2.45 (ABX, m, 1H), 2.43-2.33 (ABX, m, 1H), 1.49 (s, 3H), 1.38 (s, 
3H). 13C NMR (50 MHz, CDCl3) δ: 140.3, 134.9, 134.3, 128.2 (2C), 126.9, 118.1, 117.4, 108.1, 
79.1, 78.9, 55.6, 51.0, 34.1, 27.8, 25.3.  
 
The NMR data for 225 are in accordance with the literature.5b 
 
 
(3S, 4S, 5S)-1,7-octadiene-3,4,5-triol (227):  
 
 
 
 
 
 
 
 
 
The major isomer of the xylose derived enyne 160α (160 mg, 0.42 mmol) was dissolved in 
absolute ethanol (10 ml), and to this was added Lindlar catalyst (8 mg). The reaction mixture was 
degassed with N2, then H2, and was stirred under an atmosphere of H2 for 24h. The suspension 
was filtered through a pad of celite, and the organic phase was concentrated in vacuo. 13C NMR 
revealed a full conversion of the enyne. The diene 226 was purified by flash chromatography 
(pentane/Et2O 96:4) in a yield of 115 mg (74%) and obtained as a colorless oil. The triethylsilyl 
protected diene 226 (115 mg, 0.3 mmol) was dissolved in anhydrous THF (2 ml), and to this was 
added TBAF (2.2 eq., 0.65 mmol, 0.65 ml). The reaction mixture was stirred at rt for 30 min, and 
O O
NHBn
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O O
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OTESTESO
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OH
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then concentrated to dryness. The product 227 was obtained as a colorless oil after flash 
chromatography (Et2O) in a yield of 35 mg (74 %).  
 
Data for 226. 
Rf  0.45 (pentane/Et2O 95:5). 
 
1H NMR (300 MHz, CDCl3) δ: 6.10-5.97 (m, 1H), 5.96-5.80 (m, 1H), 5.33 (ddd, J = 17.4 Hz, J = 1.6 
Hz, J = 1.6 Hz, 1H), 5.23 (ddd, J = 10.6 Hz, J = 1.6 Hz, J = 1.6 Hz, 1H), 5.09 (ddd, J = 16.3 Hz, J = 
1.4 Hz, J = 1.4 Hz, 1H), 5.03 (ddd, J = 10.6 Hz, J = 1.4 Hz, J = 1.4 Hz, 1H), 4.38-4.29 (m, 1H), 3.82 
(bs, 1H), 3.70 (ddd, J = 8.6 Hz, J = 8.2 Hz, J = 2.9 Hz, 1H), 3.52 (dd, J = 8.2 Hz, J = 4.3 Hz, 1H), 
2.49-2.38 (ABX, m, 1H), 2.11-1.99 (ABX, m, 1H), 1.08-0.86 (m, 18H), 0.76-0.54 (m, 12H). 13C NMR 
(50 MHz, CDCl3) δ: 135.6, 135.5, 116.4, 116.0, 76.6 (2C), 75.4, 75.2, 72.2 (2C), 38.2, 6.8, 6.6, 5.0, 
4.5.  
  
Data for 227. 
Rf  0.55 (Et2O). 
 
1H NMR (300 MHz, CDCl3) δ: 6.03-5.82 (m, 2H), 5.28 (ddd, J = 17.2 Hz, J = 1.4 Hz, J = 1.4 Hz, 
1H), 5.14 (ddd, J = 10.5 Hz, J = 1.4 Hz, J = 1.4 Hz, 1H), 5.11-5.03  (m, 1H), 5.03 (ddddd, J = 10.2 
Hz, J = 1.1 Hz, J = 1.1 Hz, J = 1.1 Hz, J = 1.1 Hz, 1H), 4.25 (dddd, J = 4.3 Hz, J = 3.0 Hz, J = 2.9 
Hz, J = 1.4 Hz, 1H), 3.63 (ddd, J = 7.6 Hz, J = 7.4 Hz, J = 3.3 Hz, 1H), 3.25 (dd, J = 7.6 Hz, J = 3.0 
Hz, 1H), 2.53-2.42 (ABX, m, 1H), 2.24-2.12 (ABX, m, 1H). 13C NMR (75 MHz, CDCl3) δ: 140.1, 
136.6, 117.2, 115.8, 77.2, 73.3, 72.3,  39.0.  
 
The NMR data for 227 are in accordance with the literature.5b 
 
 
(4R, 6S)-7-octene-1-yne-4,6-diol (228β) and (4S, 6S)-7-octene-1-yne-4,6-diol (228α):  
 
 
 
 
 
 
 
 
 
The triethyl protected enynes 162α and 162β (306 mg, 1.20 mmol; diastereomeric ratio 3:2) were 
dissolved in THF (5 ml) and the solution was degassed with N2. Tetrabutylammonium fluoride 
(1eq., 1.20 mmol, 1.2 ml) was added. The reaction mixture was stirred under nitrogen for 1h and 
was then concentrated in vacuo. The unprotected enynes 228α and 228β were isolated after flash 
chromatography (pentane/Et2O 20:80) on a florisil material as colorless oils in a total yield of 105 
mg (62%).  
 
Data for 228α and 228β. 
Rf  0.53 (pentane/Et2O 1:4). 
 
13C NMR (50 MHz, CD3OD) δ: 142.8, 142.0, 115.2, 114.0, 81.7 (2C), 72.2, 71.4, 70.2, 69.1, 67.6, 
66.9, 44.0, 43.6, 28.4, 28.0.  
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(4R, 6S)-4,6-bis[(2-methoxyethoxymethyl)oxy]-7-octene-1-yne (229β) and (4S, 6S)- 4,6-bis[(2-
methoxyethoxymethyl)oxy]-7-octene-1-yne (229α): 
 
 
 
 
 
 
 
 
 
A mixture of unprotected enynes 228α and 228β (100 mg, 0.71 mmol; diastereomeric ratio 3:2) 
was dissolved in anhydrous toluene (50 ml) and traces of H2O were removed by coevaporation in 
vacuo. The starting material was redissolved in anhydrous CH2Cl2 (10 ml) and the solution was 
degassed with N2. Hünigs base (DIPEA; 2.3 eq., 1.6 mmol, 0.3 ml) and MEMCl (2.2 eq., 1.56 
mmol, 0.18 ml) was added and the reaction mixture was stirred at rt for 5h. TLC indicated 
remaining starting material and a equivalent amount of DIPEA and MEMCl was added. The 
reaction was stirred at rt over night and then concentrated in vacuo. The protected enynes 229α 
and 229β were isolated as colorless oils after flash chromatography (pentan/Et2O 1:1) in a total 
yield of 231 mg (quant.). It was possible to isolate the major isomer 229β in diastereomeric purity. 
 
Data for 229β. 
Rf  0.70 (pentane/Et2O 1:4). 
 
1H NMR (300 MHz, CDCl3) δ: 5.67 (ddd, J = 17.7 Hz, J = 10.2 Hz, J = 7.5 Hz, 1H), 5.24-5.10 (m, 
2H), 4.79 (bs, 2H), 4.73 (ABX, d, J = 6.9 Hz, 1H), 4.63 (ABX, d, J = 6.9 Hz, 1H), 4.20-4.11 (m, 1H), 
3.90-3.48 (m, 1H), 3.35 (s, 3H), 3.34 (s, 3H), 2.56 (ABX, ddd, J = 16.8 Hz, J = 6.1 Hz, J = 2.7 Hz, 
1H), 2.42 (ABX, ddd, J = 16.8 Hz, J = 6.1 Hz, J = 2.7 Hz, 1H), 1.95 (t, J = 2.7 Hz, 1H), 1.86-1.77 
(m, 2H). 13C NMR (75 MHz, CDCl3) δ: 138.1, 117.1, 95.6, 93.2, 80.6, 74.5, 73.4, 71.6, 70.2 (2C), 
67.2 (2C), 58.9, 40.5, 25.3.  
 
Data for 229α. 
Rf  0.70 (pentane/Et2O 1:4). 
 
13C NMR (75 MHz, CDCl3) δ: 137.6, 117.9, 94.9, 92.2, 81.1, 74.4, 72.9, 71.6, 70.2 (2C), 67.4, 67.0, 
58.9, 39.6, 24.5.  
 
Data for the major isomer 229β are in accordance with the literature.51 
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(3S, 4S, 5R)-4,5-[(isopropylidene)dioxy]-6-octene-1-yne-3-ol (230α) and (3R, 4S, 5R)-4,5-
[(isopropylidene)dioxy]-6-octene-1-yne-3-ol (230β): 
 
 
 
 
 
 
 
 
 
 
 
 
A diastereomeric mixture (7:3) of TMS-protected enynes 167α, 167β (100 mg, 0.39 mmol) was 
dissolved in anhydrous THF (5 ml). tetra-Butylammonium fluoride (1 M hexane solution, 1 eq., 0.4 
ml) was added to the solution, and the reaction mixture was stirred at rt for 30 min, and 
subsequently concentrated in vacuo. The crude material was purified by flash chromatography 
(hexane/EtOAc 2:1), and 230α and 230β were obtained as colorless syrups in a combined yield of 
59 mg (82%). It was not possible to separate the diastereomers.  
 
Data for 230α.  
Rf  0.40 (pentane/Et2O 2:1). 
 
1H NMR (300 MHz, CDCl3) δ: 6.07 (dddd, J = 17.2 Hz, J = 10.3 Hz, J = 7.0 Hz, J = 1.1 Hz, 1H), 
5.42 (ddd, J = 17.2 Hz, J = 1.3 Hz, J = 1.2 Hz, 1H), 5.32-5.26 (m, 1H), 4.69 (ddd, J = 7.0 Hz, J = 
6.7 Hz J = 1.1 Hz, 1H), 4.35-4.28 (m, 1H), 4.19 (dd, J = 6.7 Hz, J = 6.7 Hz, 1H), 2.61 (bd, J = 5.3 
Hz, OH, 1H), 2.51 (dd, J = 2.2 Hz, J = 1.3 Hz, 1H), 1.52 (bd, J = 0.4 Hz, 3H), 1.37 (bd, J = 0.6 Hz, 
3H). 13C NMR (75 MHz, CDCl3) δ: 132.7, 132.6, 119.3, 119.0, 109.3, 109.2, 82.3, 81.6, 80.3, 80.0, 
78.3, 78.1, 74.7, 74.3, 62.0, 61.2, 27.3, 27.1, 25.1, 24.9. 
 
Data for 230β.  
Rf  0.40 (pentane/Et2O 2:1). 
 
1H NMR (300 MHz, CDCl3) δ: 5.96 (dddd, J = 17.2 Hz, J = 10.2 Hz, J = 7.0 Hz, J = 1.2 Hz, 1H), 
5.39 (ddd, J = 17.2 Hz, J = 1.3 Hz, J = 1.1 Hz, 1H), 5.32-5.26 (m, 1H), 4.67 (ddd, J = 7.2 Hz, J = 
7.0 Hz J = 1.0 Hz, 1H), 4.25-4.20 (m, 1H), 4.19 (dd, J = 7.2 Hz, J = 5.8 Hz, 1H), 2.70 (bd, J = 4.1 
Hz, OH, 1H), 2.46 (dd, J = 2.1 Hz, J = 1.3 Hz, 1H), 1.51 (bd, J = 0.6 Hz, 3H), 1.39 (bd, J = 0.3 Hz, 
3H). 13C NMR (75 MHz, CDCl3) δ: 132.6, 119.3, 109.3, 81.6, 80.3, 78.3, 74.3, 61.2, 27.3, 24.9. 
 
 
1,2,6,7-tetradeoxy-ribo-hept-1,6-dienitol (232α):  
 
 
 
 
 
 
 
 
 
 
The enynes 230αβ (59 mg, 0.32 mmol) were dissolved in 5 ml EtOAc, and to this was added 
Lindlar catalyst (5 mg). The reaction mixture was degassed with H2 and the enynes were 
hydrogenated under an atmosphere of H2 for 2h at rt. The catalyst was removed by filtration 
O O
OH
O O
OH+
230α 230β
O O
OH
TMS
O O
OH
TMS
+
167α 167β
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through a pad of celite, which was washed with EtOAc. The organic phase was concentrated in 
vacuo. The dienes 231αβ were obtained as colorless oils after flash chromatography 
(hexane:EtOAc 2:1) in a combined yield of 38 mg (64%). Removal of the isopropylidene group was 
accomplished by stirring a solution of 231αβ (35 mg, 0.19 mmol) in 5 ml MeOH with acidic ion 
exchange (IR 120, 1-2 ml) at 40 °C for 1h. TLC showed at this point a full hydrolysis of the 
isopropylidene group. The reaction mixture was cooled to rt, neutralized with a basic ion exchange 
(IR 400), filtered, and concentrated in vacuo. The major isomer, the unprotected diene 232α, was 
obtained as a colorless syrup in a yield of 9 mg (32%) after flash chromatography (Et2O → EtOAc). 
 
Data for 231α.  
Rf  0.56 (hexane/EtOAc 2:1). 
 
1H NMR (300 MHz, CDCl3) δ: 6.12-5.94 (m, 2H), 5.48-5.19 (m, 4H), 4.73-4.64 (m, 1H), 4.22-3.99 
(m, 2H), 1.47 (s, 3H), 1.36 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 137.5, 134.0, 118.2, 116.4, 108.8, 
80.5, 78.6, 71.0, 27.3, 25.2. 
 
Data for 231β.  
Rf  0.56 (hexane/EtOAc 2:1). 
 
1H NMR (300 MHz, CDCl3) δ: 6.12-5.94 (m, 1H), 5.90-5.78 (m, 1H), 5.48-5.19 (m, 4H), 4.64-4.56 
(m, 1H), 4.22-3.99 (m, 2H), 1.53 (s, 3H), 1.39 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 136.6, 133.8, 
119.2, 116.9, 108.7, 80.6, 78.9, 70.5, 27.5, 24.9. 
 
Data for 232α.  
Rf  0.50 (EtOAc). 
 
1H NMR (300 MHz, CDCl3) δ: 6.03 (ddd, J = 17.0 Hz, J = 10.7 Hz, J = 6.5 Hz, 2H), 5.39 (ddd, J = 
17.0 Hz, J = 1.5 Hz, J = 1.4 Hz, 2H), 5.31 (ddd, J = 10.7 Hz, J = 1.5 Hz, J = 1.4 Hz, 2H), 4.31-4.24 
(m, 2H), 3.61 (t, J = 5.7 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ: 137.0 (2C), 117.5 (2C), 75.3, 74.4 
(2C). 
 
The NMR data for the major isomer 232α are in accordance with the literature.5b 
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10.7 Synthesis of 1-Vinyl Cyclohexenes and 1-Vinyl Cyclopentene 
 
 
 
 
 
 
(3R, 4R, 5S)-3,4-[(isopropylidene)dioxy]-5-[(tert-butyldimethylsilyl)oxy]-1-vinyl-cyclohexene 
(171): 
 
 
 
 
 
 
 
 
 
Enyne 169α (100 mg, 0.32 mmol) was dissolved in anhydrous toluene and traces of H2O was 
removed by coevaporation. The starting material was redissolved in CH2Cl2 (0.05 M, 6.5 ml), and 
ethylene gas was passed through the solution for 20 min. The ruthenium catalyst C (8 mol%, 21.7 
mg) was then added and the solution was once again degassed with ethylene gas for further 20 
min. The reaction mixture was stirred under an atmosphere of ethylene gas for 20h. Silica gel was 
added and solvent removed in vacuo. The cyclized product 171 was obtained as a colorless oil 
after flash chromatography (pentane/Et2O 98:2 with 0.5% Et3N) in a yield of 66 mg (66%). Based 
on recovered starting material is the yield improved to 72%. 
 
Data for 171.  
Rf  0.39 (pentane/Et2O 95:5), [α]D26 +17.5 (c 1.20, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 6.31 (dd, J = 17.5 Hz, J = 10.8 Hz, 1H), 5.50-5.46 (m, 1H), 5.23 (d, J 
= 17.5 Hz, 1H), 5.07 (d, J = 10.8 Hz, 1H), 4.65-4.60 (m, 1H), 4.31-4.27 (m, 1H), 3.86 (ddd, J = 9.7 
Hz, J = 6.2 Hz, J = 2.1 Hz, 1H), 2.38 (ABX, ddd, J = 15.6 Hz, J = 2.1 Hz, J = 2.1 Hz, 1H), 2.29 
(ABX, dd, J = 15.6 Hz, J = 5.9 Hz, 1H), 1.35 (s, 3H), 1.31 (s, 3H), 0.95 (s, 9H), 0.10 (s, 6H). 13C 
NMR (75 MHz, CDCl3) δ: 138.5, 135.9, 126.4, 114.1, 110.0, 76.9, 74.8, 69.3, 28.1, 27.8, 27.1, 
26.2, 18.7, -4.1, -4.3.  
 
Anal. Calcd for C17H30O3Si : C, 65.76; H, 9.74. Found: C, 65.85; H, 10.00. 
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(3R, 4R, 5S)-trans-1,2-bis[5-(tert-butyldimethylsilyl)dioxy-3,4-bis(isopropylidene)oxy-1-
(cyclohexenyl)]-ethylene (170): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Enyne 169α (170 mg, 0.55 mmol) was dissolved in 5 ml anhydrous toluene and traces of H2O were 
removed by coevaporation in vacuo. The starting material was redissolved in CH2Cl2 (0.05 M, 11 
ml), and argon was passed through the solution for 15 min. The ruthenium catalyst C (10 mol%, 
46.5 mg) was then added and the reaction mixture was stirred under an atmosphere of argon for 
48h. Silica gel was added and solvent removed in vacuo. The cyclized product 171 and the dimer 
170 were obtained as colorless oils after flash chromatography (pentane/Et2O 99:1 → 90:10) in a 
yield of 34 mg (20%) and 37 mg (23%), respectively. Based on recovered starting material is the 
yield improved to 25% of 171 and 29% of 170. 
 
Data for 170.  
Rf  0.15 (pentane/Et2O 95:5).   
 
1H NMR (300 MHz, CDCl3) δ: 6.25 (s, 2H), 5.62-5.58 (m, 2H), 4.72-4.59 (m, 2H), 4.37-4.29 (m, 
2H), 3.94 (ddd, J = 10.1 Hz, J = 5.5 Hz, J = 2.1 Hz, 1H), 2.53-2.25 (m, 4H), 1.39, (s, 6H), 1.35 (s, 
6H), 0.93 (bs, 18H), 0.13 (bs, 12H). 13C NMR (75 MHz, CDCl3) δ: 135.2 (2C), 130.3 (2C), 126.7 
(2C), 109.7 (2C), 76.8 (2C), 74.5 (2C), 69.1 (2C), 28.1 (2C), 27.9 (2C), 26.7 (2C), 26.0 (2C), 18.4 
(2C), -4.6 (4C). 
 
MALDI-TOF MS (matrix = 4-hydroxy-α-cyano-cinnamic acid) m/z calcd for C32H56O6Si2Na [M+Na]+ 
615.3513. Found 615.3534. 
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(3R, 4R, 5R)-3,4-[(isopropylidene)dioxy]-5-[(tert-butyldimethylsilyl)oxy]-1-vinyl-cyclohexene 
(175): 
 
 
 
 
 
 
 
 
 
The enyne 169β (65 mg, 0.21 mmol) was cyclized to 175 with 8 mol% (14.2 mg) of ruthenium 
catalyst C in CH2Cl2 (0.05 M, 4.5 ml) according to the procedure described for enyne 169α. The 
reaction time was 18h. The cyclized product 175 was obtained as a colorless oil after flash 
chromatography (pentane/Et2O 98:2) in a yield of 47 mg (72%). The compound is volatile under 
vacuum  (3 - 4 mmHg). 
 
Data for 175.  
Rf  0.38 (pentane/Et2O 95:5), [α]D22 17.7 (c 0.55, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 6.38 (dd, J = 17.4 Hz, J = 10.7 Hz, 1H), 5.76-5.72 (m, 1H), 5.24 (d, J 
= 17.3 Hz, 1H), 5.10 (d, J = 10.7 Hz, 1H), 4.72-4.67 (m, 1H), 4.01 (t, J = 6.6 Hz, 1H), 3.94 (ddd, J = 
7.4 Hz, J = 7.4 Hz, J = 4.5 Hz, 1H), 2.43 (ABX, dd, J = 16.7 Hz, J = 4.5 Hz, 1H), 2.09 (ABX, dd, J = 
16.7 Hz, J = 7.4 Hz, 1H), 1.42 (s, 3H), 1.38 (s, 3H), 0.89 (s, 9H), 0.10 (s, 3H), 0.08 (s, 3H). 13C 
NMR (75 MHz, CDCl3) δ: 138.3, 136.7, 124.3, 114.1, 108.8, 78.3, 73.1, 69.6, 30.1, 28.1, 26.1, 
25.8, 18.0, -4.5, -4.8.  
 
Both elemental analysis and MS analysis failed for 175. 
 
 
(3R, 4R, 5S)- 5-[(acetyl)oxy]-3,4-[(isopropylidene)dioxy]-1-vinyl-cyclohexene (176): 
 
 
 
 
 
 
 
 
 
 
The enyne 172α (75 mg, 0.31 mmol) was cyclized to 176 with 10 mol% (26.3 mg) of ruthenium 
catalyst C in CH2Cl2 (0.05 M, 6.2 ml) according to the procedure described for enyne 169α. The 
reaction time was 6h. The cyclohexene 176 was obtained as a white crystalline product after flash 
chromatography (pentane/Et2O 5:1) in a yield of 52 mg (70%). Based on recovered starting 
material is the yield improved to 76%. 
 
Data for 176.  
Rf  0.35 (pentane/Et2O 4:1), [α]D23 +25.7 (c 1.59, CHCl3), mp. 111-113 °C. 
 
1H NMR (300 MHz, CDCl3) δ: 6.34 (dd, J = 17.5 Hz, J = 10.8 Hz, 1H), 5.66-5.57 (m, 1H), 5.24 (d, J 
= 17.5 Hz, 1H), 5.12 (d, J = 10.8 Hz, 1H), 5.10 (ddd, J = 10.5 Hz, J = 5.8 Hz, J = 5.3 Hz, 1H), 4.78-
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4.72 (m, 1H), 4.43 (bdd, J = 5.4 Hz, J = 5.3 Hz, 1H), 2.51 (ABX, dd, J = 15.5 Hz, J = 5.8 Hz, 1H), 
2.40 (ABX, dddd, J = 15.5 Hz, J = 10.5 Hz, J = 2.2 Hz, J = 2.2 Hz, 1H), 2.15 (s, 3H), 1.39 (s, 3H), 
1.36 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 170.5, 137.6, 134.8, 125.9, 114.4, 110.2, 74.2, 73.9, 
69.6, 27.6, 26.8, 23.7, 21.2.  
 
Anal. Calcd for C13H18O4 : C, 65.53; H, 7.61. Found: C, 65.47; H, 7.62. 
 
 
(3R, 4R, 5R)- 5-[(acetyl)oxy]-3,4-[(isopropylidene)dioxy]-1-vinyl-cyclohexene (177): 
 
 
 
 
 
 
 
 
 
 
The enyne 172β (50 mg, 0.21 mmol) was cyclized to 177 with 10 mol% (17.8 mg) of ruthenium 
catalyst C in CH2Cl2 (0.05 M, 4.2 ml) according to the procedure described for enyne 169α. The 
reaction time was 24h. The cyclohexene 177 was obtained as a syrup after flash chromatography 
(pentane/Et2O 4:1) in a yield of 34 mg (68%).  
 
Data for 177.  
Rf  0.41 (pentane/Et2O 4:1), [α]D22 14.0° (c 0.56, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 6.38 (dd, J = 17.5 Hz, J = 10.8 Hz, 1H), 5.81-5.78 (m, 1H), 5.23 (d, J 
= 17.5 Hz, 1H), 5.14 (d, J = 10.8 Hz, 1H), 5.10 (ddd, J = 8.2 Hz, J = 8.2 Hz, J = 5.0 Hz, 1H), 4.74-
4.68 (m, 1H), 4.18 (dd, J = 8.2 Hz, J = 6.2 Hz, 1H), 2.68 (ABX, dd, J = 16.6 Hz, J = 5.0 Hz, 1H), 
2.17-2.06 (ABX, m, 1H), 2.09 (s, 3H), 1.46 (s, 3H), 1.29 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 
170.4, 137.5, 136.8, 123.8, 115.0, 109.5, 75.2, 72.7, 70.9, 27.9, 26.9, 26.0, 21.2.  
 
MS EI (positive mode) m/z calcd for C12H15O4 [M-CH3]+ 223.0970. Found 223.0976. 
 
 
(3R, 4S, 5S)- 5-[(N-acetyl-N-benzyl)amino]-3,4-[(isopropylidene)dioxy]-1-vinyl-cyclohexene 
(178): 
 
 
 
 
 
 
 
 
 
The enyne 173 (50 mg, 0.15 mmol) was cyclized to 178 with 10 mol% (12.7 mg) of ruthenium 
catalyst C in CH2Cl2 (0.05 M, 3 ml) according to the procedure described for enyne 169α. The 
reaction time was 3h. The reaction mixture was filtered through a pad of silica gel, the silica gel 
was washed with 175 ml hexane/EtOAc (1:1), and the organic phases were concentrated in vacuo. 
The cyclohexene 178 was obtained as a colorless syrup after flash chromatography 
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(hexane/EtOAc 4:1 → 3:1) in a yield of 25 mg (50%). 13C NMR reveals that the product is in a 9:1 
rotamer conformation. NMR data are given for the major rotamer. 
 
Data for 178.  
Rf  0.52 (hexane/EtOAc 1:1), [α]D27 11.7 (c 0.58, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 7.40-7.20 (m, 5H), 6.30 (dd, J = 17.6 Hz, J = 10.8 Hz, 1H), 5.50 (bs, 
1H), 5.19-4.97 (m, 3H), 4.83 (bs, 2H), 4.72-4.67 (m, 1H), 4.28 (bd, J = 4.9 Hz, 1H), 2.29-2.22 (m, 
2H), 2.12 (s, 3H), 1.26 (s, 3H), 1.11 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 170.5, 138.8, 138.0, 
135.9, 128.5, 126.8, 126.0, 125.5, 113.6, 109.6, 75.0, 74.8, 49.9, 48.7, 46.0, 27.8, 26.4, 22.5, 22.1.  
  
Anal. Calcd for C20H25NO3 : C, 73.37; H, 7.70; N, 4.28. Found: C, 72.84; H, 7.61; N, 4.15. 
 
 
(3R, 4S, 5S)- 5-[(N-benzyl-N-trifluoroacetyl)amino]-3,4-[(isopropylidene)dioxy]-1-vinyl-
cyclohexene (179): 
 
 
 
 
 
 
 
 
 
The enyne 174 (40 mg, 0.11 mmol) was cyclized to 179 with 10 mol% (8.9 mg) of ruthenium 
catalyst C in CH2Cl2 (0.05 M, 2.1 ml) according to the procedure described for enyne 169α. The 
reaction time was 24h. The reaction mixture was filtered through a pad of silica gel, the silica gel 
was washed with 150 ml hexane/EtOAc (5:1), and the organic phases were concentrated in vacuo. 
The cyclohexene 179 was obtained as a colorless syrup after flash chromatography 
(hexane/EtOAc 6:1) in a yield of 27 mg (68%). 13C NMR reveals that the product 179 is an almost 
equal mixture of two rotamers. 
 
Data for 179.  
Rf  0.77 (hexane/EtOAc 3:1), [α]D24 25.8 (c 1.23, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 7.44-7.19 (m, 10H), 6.40-6.24 (m, 2H), 5.59-5.50 (m, 2H), 5.16-4.88 
(m, 8H), 4.75 (m, 2H), 4.39 (bd, J = 4.7 Hz, 2H), 4.35-4.24 (m, 2H), 2.66-2.53 (ABX, m, 2H), 2.30-
2.18 (ABX, m, 2H), 1.36 (s, 3H), 1.30 (s, 3H), 1.26 (s, 3H), 1.10 (s, 3H). 13C NMR (75 MHz, CDCl3) 
δ: 158.4 (q, J = 34.1 Hz), 157.5 (q, J = 33.3 Hz), 137.6 (2C), 137.4, 137.3, 135.6, 135.4, 128.3 
(2C), 127.2, 127.0, 126.8 (2C), 125.8 (2C), 116.7 (q, J = 286.6 Hz), 116.5 (q, J = 292.4 Hz), 114.4, 
114.0, 110.5, 110.0, 75.5, 74.9, 74.7, 73.6, 54.7, 53.3, 48.2, 47.9, 27.7 (2C), 26.6, 26.4, 24.1, 22.3.  
 
Anal. Calcd for C20H22F3NO3 : C, 62.98; H, 5.81; N, 3.67. Found: C, 63.30; H, 5.35; N, 3.66. 
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(3S, 4S, 5S)-5-hydroxy-3,4-bis[(triethylsilyl)oxy]-1-vinyl-cyclohexene (233): 
 
 
 
 
 
 
 
 
 
The enyne 160α (40 mg, 0.104 mmol) was dissolved in CH2Cl2 (0.025 M, 4 ml), and ethylene gas 
was passed through the solution for 20 min. The ruthenium catalyst C (10 mol%, 8.8 mg) was 
added and the reaction mixture was heated to reflux under an atmosphere of ethylene gas for 24h. 
The reaction mixture was cooled to rt, silica gel added and solvents removed in vacuo. The 
cyclohexene 233 was obtained as an oil after flash chromatography (pentane/Et2O 98:2) in a yield 
of 4 mg (10%). Based on recovered starting material is the yield improved to 17%.  
 
Data for 233.  
Rf  0.40 (pentane/Et2O 9:1). 
 
1H NMR (300 MHz, CDCl3) δ: 6.36 (dd, J = 17.6 Hz, J = 10.8 Hz, 1H), 5.56-5.53 (m, 1H), 5.19 (d, J 
= 17.6 Hz, 1H), 5.06 (d, J = 10.8 Hz, 1H), 4.31-4.27 (m, 1H), 4.09-4.02 (m, 1H), 3.78 (dd, J = 5.3 
Hz, J = 2.4 Hz, 1H), 2.45 (bdd, J = 17.3 Hz, J = 5.2 Hz, 1H), 2.33 (bdd, J = 17.3 Hz, J = 5.8 Hz, 
1H), 2.09 (bd, J = 5.4 Hz, OH, 1H), 0.98 (t, J = 7.9 Hz, 18H), 0.70-0.70 (m, 12H). 13C NMR (75 
MHz, CDCl3) δ: 138.5, 134.6, 128.3, 113.1, 75.7, 70.6, 68.3, 29.5, 6.8, 5.0, 5.0. 
 
 
(3S, 4S, 5S)-3,4,5-tris[(acetyl)oxy]-1-vinyl-cyclohexene (183): 
 
 
 
 
 
 
 
 
 
The enyne 181α (50 mg, 0.18 mmol) was cyclized to 183 with 5 mol% (7.5 mg) of ruthenium 
catalyst C in CH2Cl2 (0.05 M, 3.6 ml) according to the procedure described for enyne 169α. The 
reaction time was 4h. The cyclohexene 183 was obtained as a white crystalline product after flash 
chromatography (pentane/Et2O 4:1) in a yield of 37 mg (74%). Based on recovered starting 
material is the yield improved to 79%.  
 
Data for 183.  
Rf   0.40 (pentane/Et2O 2:1), [α]D23 +181.9 (c 1.59, CHCl3), mp. 72-74 °C. 
 
1H NMR (300 MHz, CDCl3) δ: 6.36 (dd, J = 17.5 Hz, J = 10.8 Hz, 1H), 5.67-5.63 (m, 1H), 5.58-5.53 
(m, 1H), 5.43 (ddd, J = 5.3 Hz, J = 5.2 Hz, J = 2.4 Hz, 1H), 5.23 (dd, J = 17.5 Hz, J = 0.5 Hz, 1H), 
5.18-5.13 (m, 2H), 2.67-2.57 (ABX, m, 1H), 2.46 (ABX, bdd, J = 17.7 Hz, J = 5.6 Hz, 1H), 2.07 (s, 
3H), 2.06 (s, 3H), 2.05 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 170.3, 170.2, 170.1, 137.2, 136.3, 
123.5, 115.0, 70.8, 69.5, 68.0, 27.7, 21.0 (2C), 20.8.  
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Anal. Calcd for C14H18O6 : C, 59.57; H, 6.43. Found: C, 59.52; H, 6.37.  
 
 
(3R, 4R, 5R)-3,4,5-tris[(acetyl)oxy]-1-vinyl-cyclohexene (184): 
 
 
 
 
 
 
 
 
 
The enyne 182β (85 mg, 0.30 mmol) was cyclized to 184 with 5 mol% (12.8 mg) of ruthenium 
catalyst C in CH2Cl2 (0.05 M, 6 ml) according to the procedure described for enyne 169α. The 
reaction time was 6h. The cyclohexene 184 was obtained as a white crystalline product after flash 
chromatography (pentane/Et2O 2:1) in a yield of 61 mg (72%).  
 
Data for 184.  
[α]D28 215.5 (c 0.35, CHCl3), mp. 69-71 °C. 
 
Anal. Calcd for C14H18O6 : C, 59.57; H, 6.43. Found: C, 59.27; H, 6.33.  
 
The NMR data for 184 were identical to the data recorded for compound 183.  
 
 
(3R, 4R, 5S)-3,4,5-tris[(acetyl)oxy]-1-vinyl-cyclohexene (185): 
 
 
 
 
 
 
 
 
 
The enyne 182α (50 mg, 0.12 mmol) was cyclized to 185 with 8 mol% (8.4 mg) of ruthenium 
catalyst C in CH2Cl2 (0.05 M, 2.5 ml) according to the procedure described for enyne 169α. The 
reaction time was 24h. The cyclohexene 185 was obtained as a syrup after flash chromatography 
(pentane/Et2O 2:1) in a yield of 20 mg (58%).  
 
Data for 185.  
Rf  0.37 (pentane/Et2O 2:1), [α]D23 62.0 (c 1.32, CHCl3). 
 
1H NMR (300 MHz, CDCl3) δ: 6.34 (dd, J = 17.5 Hz, J = 10.9 Hz, 1H), 5.62-5.53 (m, 2H), 5.31 (dd, 
J = 10.6 Hz, J = 7.3 Hz, 1H), 5.22 (bd, J = 17.5 Hz, 1H), 5.17 (bd, J = 10.9 Hz, 1H), 5.15 (ddd, J = 
10.6 Hz, J = 10.3 Hz, J = 5.8 Hz, 1H), 2.85 (ABX, dd, J = 16.8 Hz, J = 5.8 Hz, 1H), 2.29 (ABX, ddd, 
J = 16.8 Hz, J = 10.3 Hz, J = 2.4 Hz, 1H), 2.06 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H). 13C NMR (75 
MHz, CDCl3) δ: 170.3, 170.0 (2C), 136.6, 135.6, 124.3, 115.4, 72.3, 72.0, 68.9, 29.0, 20.9, 20.8, 
20.7.  
 
Anal. Calcd for C14H18O6 : C, 59.57; H, 6.43. Found: C, 59.10; H, 6.28. 
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(3R, 4R, 5S)- 5-[(acetyl)oxy]-3,4-[(isopropylidene)dioxy]-1-vinyl-cyclopentene (187): 
 
 
 
 
 
 
 
 
 
The enyne 186α (50 mg, 0.22 mmol) was cyclized to 187 with 10 mol% (18.1 mg) of ruthenium 
catalyst B in CH2Cl2 (0.05 M, 4.4 ml) according to the procedure described for enyne 169α. The 
reaction time was 24h. The cyclopentene 187 was obtained as a white crystalline product after 
flash chromatography (hexane/EtOAc 4:1) in a yield of 35 mg (70%).  
 
Data for 187.  
Rf  0.66 (hexane/EtOAc 2:1), [α]D22 175.7 (c 1.17, CHCl3), mp. 62-63 °C. 
 
1H NMR (300 MHz, CDCl3) δ: 6.41 (dd, J = 17.6 Hz, J = 11.0 Hz, 1H), 6.01-5.97 (m, 1H), 5.54 (d, J 
= 17.6 Hz, 1H), 5.28 (d, J = 11.0 Hz, 1H), 5.04 (dd, J = 6.0 Hz, J = 2.3 Hz, 1H), 4.91 (dd, J = 6.0 
Hz, J = 5.8 Hz, 1H), 2.11 (s, 3H), 1.40 (s, 3H), 1.37 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 170.4, 
142.6, 131.2, 130.3, 118.6, 112.9, 82.1, 76.9, 74.0, 27.1, 26.4, 20.7.  
 
Anal. Calcd for C12H16O4 : C, 64.27; H, 7.19. Found: C, 64.33; H, 7.31. 
 
 
(2S, 3R, 4R)- 2-[(acetyl)oxy]-3,4-[(isopropylidene)dioxy]-1-vinyl-bicyclo[3.1.0]hexane (188): 
 
 
 
 
 
 
 
 
 
The enyne 186α (50 mg, 0.22 mmol) was cyclized to 187 and 188 with 10 mol% (18.7 mg) of 
ruthenium catalyst C in CH2Cl2 (0.05 M, 4.4 ml) according to the procedure described for enyne 
169α. The reaction time was 24h. The cyclopentene 187 was obtained as a white crystalline 
product after flash chromatography (hexane/EtOAc 4:1) in a yield of 16 mg (32%) together with the 
cyclopropane derivative 188 in a yield of 11 mg (21%). 
 
Data for 188.  
Rf  0.62 (hexane/EtOAc 2:1). 
 
1H NMR (300 MHz, CDCl3) δ: 6.10 (dd, J = 17.5 Hz, J = 10.7 Hz, 1H), 5.10 (d, J = 5.6 Hz, 1H), 5.01 
(dd, J = 10.7 Hz, J = 1.0 Hz, 1H), 4.96 (dd, J = 17.5 Hz, J = 1.0 Hz, 1H), 4.59 (d, J = 5.1 Hz, 1H), 
4.37 (dd, J = 5.6 Hz, J = 5.1 Hz, 1H), 2.14 (s, 3H), 1.97 (dd, J = 8.9 Hz J = 4.6 Hz, 1H), 1.50 (s, 
3H), 1.33 (s, 3H), 0.95 (dd, J = 8.9 Hz J = 5.6 Hz, 1H), 0.21 (dd, J = 5.6 Hz J = 4.6 Hz, 1H). 13C 
NMR (75 MHz, CDCl3) δ: 170.1, 135.4, 114.1, 112.8, 81.7, 80.1, 73.6, 33.2, 29.1, 26.0, 25.1, 20.9, 
14.0.  
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MS EI (positive mode) m/z calcd for C12H15O4 [M-CH3]+ 223.0970. Found 223.0972.  
 
 
10.8 Synthesis of Decalins 
[5S, 6R, 7R, 8R, 9S]-9-[(acetyl)oxy]-5-formyl-7,8-[(isopropylidene)dioxy]-bicyclo[4.4.0]dec-1-
ene (192) 
 
 
 
 
 
 
 
 
The cyclohexene 176 (50 mg, 0.21 mmol) was combined with acrolein (191) (5 ml) in a glass 
pressure-reaction tube. The reaction mixture was heated to 60 °C for 24h under pressure (bp. 
arolein 51-53 °C). At this point TLC showed a approximately 95% conversion of the starting 
material, formation of a major product and some minor spots (probably for regio- and 
stereoisomers of the product). The reaction mixture was concentrated in vacuo. Flash 
chromatography (hexane/EtOAc 2:1) afforded the Diels-Alder adduct 192 in a yield of 35 mg (56%) 
as a white crystalline product. It was not possible to isolate the other products/byproducts. 
 
Data for 192.  
Rf  0.50 (hexane/EtOAc 2:1), [α]D22 100.8 (c 0.61, CHCl3), mp. 121-123 °C. 
 
1H NMR (500 MHz, CDCl3) δ: 9.88 (d, J = 1.5 Hz, 1H), 5.68 (bdd, J = 5.0 Hz, J = 0.5 Hz, 1H, H-2), 
4.92 (ddd, J = 10.5 Hz, J = 5.5 Hz, J = 3.9 Hz, 1H, H-9), 4.33-4.30 (m, 1H, H-8), 3.97 (dd, J = 9.3 
Hz, J = 4.9 Hz, 1H, H-7), 2.85-2.81 (m, 1H, H-6), 2.68 (dddd, J = 12.1 Hz, J = 5.4 Hz, J = 2.9 Hz, J 
= 1.5 Hz, 1H, H-5), 2.50-2.44 (ABX, m, 1H, H-10), 2.38 (ABX, dd, J = 12.3 Hz, J = 5.5 Hz, 1H, H-
10), 2.11 (s, 3H), 2.10-1.94 (m, 2H), 1.90-1.94 (ABX, m, 1H), 1.58-1.47 (ABX, m, 1H), 1.55 (s, 3H), 
1.31 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 203.1, 170.2, 130.3, 125.7, 109.8, 75.6, 74.6, 70.7, 49.4, 
40.9, 35.0, 28.2, 26.1, 24.2, 21.2, 17.6.  
 
Anal. Calcd for C16H22O5 : C, 65.29; H, 7.53. Found: C, 65.33; H, 7.53. 
 
 
[5S, 6R, 7R, 8R, 9S]-5-formyl-7,8-[(isopropylidene)dioxy]-9-[(tert-butyldimethylsilyl)oxy]-
bicyclo[4.4.0]dec-1-ene (193) 
 
 
 
 
 
 
 
 
The cyclohexene 171 (50 mg, 0.16 mmol) was dissolved in 5 ml acrolein (191), and heated to       
60 °C in a glass pressure-reaction tube for 22h. At this point TLC showed an approximately 95% 
conversion of the starting material, formation of a major product and few minor spots (probably for 
regio- and stereoisomers of the product). The reaction mixture was concentrated in vacuo, and the 
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product 193 was obtained as a colorless oil after flash chromatography (hexane/EtOAc 9:1) in a 
yield of 41 mg (69%). It was not possible to isolate the other products/byproducts in pure quality. 
 
Data for 193.  
Rf  0.50 (hexane/EtOAc 4:1), [α]D22 71.1 (c 1.01, CHCl3), mp. 55-56 °C (white crystalline product 
after cooling). 
 
1H NMR (500 MHz, CDCl3) δ: 9.89 (bs, 1H), 5.60-5.57 (m, 1H, H-2), 4.18 (dd, J = 5.4 Hz, J = 4.4 
Hz, 1H, H-8), 3.87 (dd, J = 9.4 Hz, J = 5.4 Hz, 1H, H-7), 3.80 (ddd, J = 10.5 Hz, J = 5.1 Hz, J = 4.0 
Hz, 1H, H-9), 2.87-2.82 (m, 1H, H-6), 2.70-2.65 (m, 1H, H-5), 2.46 (ABX, dt, J = 12.2 Hz, J = 1.4 
Hz 1H, H-10), 2.22 (ABX, dd, J = 12.2 Hz, J = 5.1 Hz, 1H, H-10), 2.10-1.94 (m, 2H), 1.88-1.82 
(ABX, m, 1H), 1.56-1.48 (ABX, m, 1H), 1.55 (s, 3H), 1.30 (s, 3H), 0.90 (s, 9H), 0.10 (s, 3H), 0.09 
(s, 3H). 13C NMR (75 MHz, CDCl3) δ: 203.4, 132.0, 124.1, 109.2, 77.4, 75.4, 70.8, 49.4, 40.9, 38.9, 
28.3, 25.9 (4C), 24.1, 18.3, 17.8, -4.6, -4.7.  
 
Anal. Calcd for C20H34O4Si : C, 65.53; H, 9.35. Found: C, 65.48; H, 9.52.  
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Appendix 1 
 
  
 
 
A.1 Introduction 
This appendix will cover the work which has been in progress on finding a convenient protocol for 
desilylation-acetylation of 1,7-enynes originating from triethylsilyl protected methyl 5-deoxy-5-iodo-
D-xylofuranosides 158 and the corresponding arabinose substrate 145.  
 
Preliminary studies of ring-closing enyne metathesis (chapter 6) revealed that the hydroxyl 
functionalities of the generated 1,7-enynes from tandem fragmentation-propargylation of the xylose 
and arabinose substrate (respectively 158 and 145) needed to be acetylated prior to the 
carbocyclization reaction. In this respect, the triethylsilylprotection groups in the 1,7-enynes (160αβ 
and 161αβ) either needed to be removed during work-up and hydroxyl-groups subsequently 
acetylated on the purified trihydroxylated enynes, or more attractively a one-step work-up protocol 
for desilylation-acetylation had to be found. 
 
A.2 Removal of Triehylsilyl Protection Groups During Work-Up of 1,7-Enynes 
Hyldtoft and coworkers5 have showed that the triethylsilyl protection groups of 1,7-dienes can be 
removed easily during work-up by treatment with acidic ion-exchange resin in methanol at 40 °C 
(see scheme A.1). In this work-up procedure, a convenient protocol provided desilylation and the 
following mixed-bed ion-exchange column ensured removal of zinc salts and neutralization of the 
reaction mixture. However, applying this method to the corresponding 1,7-enynes 160αβ and 
161αβ led to decomposition and a dramatically reduced yield of the desired unprotected 1,7-
enynes.224 The yield of arabinose derived 1,7-enynes was lowered to 22% (compared to 56% 
isolated yield of triethylsilyl protected 1,7-enynes 161αβ) and the yield of xylose derived 1,7-
enynes was also significantly reduced (36% isolated compared to 61% for triethylsilyl protected 
1,7-enynes 160αβ).  
 
 
                                            
224  The 1,7-enynes were purified by flash chromatography on florisil gel, which is less acidic than the  
      more commonly used silica gel. 
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Scheme A.1 Removal of triethylsilyl protection groups during work-up; a) zinc-mediated tandem 
fragmentation allylation reaction in THF/H2O, b) acidic ionexchange resin (IR120) at 40 °C followed by 
mixed-bed ionexchange column (IR 120 and IR 400) with methanol as eluent, c) zinc-mediated tandem 
fragmentation propargylation reaction in THF/H2O, d) acidic ionexchange resin (IR120) at 40 °C followed by 
mixed-bed ionexchange column (IR 120 and IR 400) with methanol as eluent.  
 
 
A.2 One-Step Desilylation-Acetylation Protocol on Crude Mixture of 
Triethylsilyl Protected 1,7-Enynes  
It was believed that the 1,7-enynes were unstable towards the above described acidic deprotection 
conditions. Unmasked hydroxyl groups were also considered to be responsible for the lower yield. 
The attention was now focused on establishing a one-step protocol in which the crude triethylsilyl 
protected 1,7-enynes 160αβ and 161αβ from the tandem fragmentation-propargylation reaction 
could be desilylated and subsequently acetylated prior to purification. The hope was, that trapping 
the hydroxyl groups by acetylation would stabilize the 1,7-enynes and provide access to the 
substrates for the ring-closing enyne metathesis.   
 
Table A.1 shows the results of different desilylation-acetylation tested protocols. Both the xylose 
substrate and the arabinose substrate (respectively 158 and 145) were used in screening for the 
optimal conditions. The entries show the isolated yields after flash chromatography on silica gel 
and the corresponding theoretical maximum yield, which was obtained for isolation of the 
corresponding triethylsilyl protected 1,7-enynes (160αβ and 161αβ). 
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Table A.1 Attempts on a one-step desilylation-acetylation protocol on the crude mixture of xylose or 
arabinose derived 1,7-enynes 160αβ and 161αβ, a) the theoretical maximum yield which was obtained for 
isolation of the corresponding triethylsilyl protected 1,7-enynes. 
 
OHOH
O
I
OMe
OTESTESO
OH
OAcAcO
OAc
desilylation-acetylation
crude
Entry Substrate Protocol    Isolated Overall Yield
"Theoretical" 
       Yield
1
2
3
4
5
6
7
8
Xylo
Xylo
Xylo
Arabino
Xylo
Arabino
Arabino
Arabino
1) IR 120 (10 eq/TES,
    15 min rt
2) mixed bed
3) acetylation in CH2Cl2
1) IR 120 (2 eq/TES,
    30 min rt
2) mixed bed
3) acetylation in CH2Cl2
1) 3 eq. TBAF, 3.5 eq.
    AcOH, THF, 30 min rt
2) acetylation in CH2Cl2
1) 2.2 eq. TBAF,THF,
    15 min rt
2) quench. IR 120
3) acetylation in CH2Cl2
1) 2.2 eq. TBAF,THF,
    15 min rt
2) acetylation in CH2Cl2
1) 2 eq. TBAF,THF,
    15 min rt,
    then Ac2O (10 eq.),
    Et3N (15 eq.), DMAP
1) 10 mol% SnBr2, AcBr
     (4.5 eq.), CH2Cl2
1) 10 mol% SnBr2, AcBr
     (3.5 eq.), CH2Cl2
2) quench. phosphate buffer
     pH 7
26%
37%
38%
31%
39%
32%
11%
~20%
61%
61%
61%
56%
61%
56%
56%
56%
a
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Standard acetylation in dichloromethane on the crude material from mixed-bed ionexchange (after 
desilylation with acidic resin) provided the triacetylated 1,7-enynes (181αβ and 182αβ) in low yield 
(entries 1 and 2). Here, it was demonstrated that the enynes 181αβ and 182αβ were unstable in 
acidic media. Decreasing the amount of acidic ion exchange resin (IR 120) increased the isolated 
yield from 26% to 37%. On the basis of this observation a set of experiments (entries 3-5) was 
conducted under basic or neutral desilylation conditions using tetrabutylammonium fluoride (TBAF) 
in tetrahydrofuran. In all three experiments, standard acetylation was conducted in 
dichloromethane on the crude material and after purification the triacetylated enynes 181αβ and 
182αβ were obtained in yields, which were lowered to the range of 26% to 39%. Introducing 
acetylation reagents (acetic anhydride, triethylamine and DMAP) directly to the reaction mixture of 
the desilylation step proved unsuccessful in improving the yield (entry 6). 
 
Oriyama and coworkers225 have established a mild procedure for a one-pot transformation in which 
trialkylsilyl ethers are converted into the corresponding acetates. The convenient method relies on 
cleavage of the silylether bond and immediately acetylation with the use of a catalytic amount of 
tin(II) bromide in the presence of acetyl bromide in dichloromethane at room temperature. Using 
this method, triethylsilyl protected methyl pyranosides could be converted into the acetates in an 
excellent 96% yield. However, applying this method for the 1,7-enynes 160αβ and 161αβ the 
transformation was accompanied by a significant degree of decomposition and resulted in very low 
yields (entries 7 and 8). 
 
A.3 One-Step Method for Desilylation-Acetylation on Purified Triethylsilyl 
Protected 1,7-Enynes 
In light of these depressing results, transformation of triethylsilyl protected methyl 5-deoxy-5-iodo-
furanosides (158 and 145) into the derived triacetylated 1,7-enynes 181αβ and 182αβ was divided 
into two separate synthetic parts. The triethylsilyl protected 1,7-enynes 160αβ and 161αβ were 
isolated after purification by flash chromatography (as discussed in chapter 5). Treating the 
trialkylsilyl ethers 160αβ or 161αβ with TBAF in anhydrous THF for 30 min at room temperature 
gave a full conversion to the trihydroxylated enynes according to TLC. Acetic anhydride (4 eq.), 
triethylamine (4.5 eq.) and a catalytic amount of DMAP were added directly into the reaction 
mixture, which was stirred for a further 2 hours. Using this very convenient method, triacetylated 
1,7-enynes 181αβ or 182αβ could be isolated in excellent 87-92% yields (see scheme A.2).  The 
                                            
225  Oriyama, T.; Oda, M.; Gono, J.; Koga, G. Tetrahedron Lett. 1994, 35, 2027-2030. 
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overall combined yields (xylose derived 1,7-enynes 181αβ, 53% and arabinose derived 1,7-enynes 
182αβ, 51%) are fairly better than those obtained in table A.1.  
 
 
 
 
 
 
 
 
 
Scheme A.2 One-step conversion of triethylsilyl protected 1,7-enynes (160αβ and 161αβ) into the 
corresponding acetates (181αβ and 182αβ), a) TBAF (2.2 eq.), THF, rt, 30 min then Ac2O (4 eq.), Et3N (4.5 
eq.), DMAP (cat.), rt, 2h.  
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